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EXECUTIVE SUMMARY

The recent introduction of the Boeing B-777 aircraft, and the planned development of even larger
aircraft, will have significant effects on the nation’s airport infrastructure. The Federal Aviation
Administration (FAA) has undertaken a mydiar research effort aimed at developing new
computer-based models for airport pavement design. Crucial to this effort is the development of
a three-dimensional (3D) finite element model that is capable of acgudatekrmining stresses

in rigid pavements caused hircraft with multiple-wheel landmgear confgurations.

This report describes the development of a 3D pavement model using the finite element program
NIKE3D. Some important features of the model described herein are:

. Explicit modelirg of multiple-wheel aircrafgears

. Finite element representation of finite-size slabs

. Finite element representation of multiple structurgdita and lger interfaces

. Incorporation of linear elastic joint model

. Rapid, automatic generation of three-dimensional finite element meshes. The procedure

for computer-based mesh generation is described in detail.

The developed 3D model is capable of capturing special features of rigid airport pavements
including slab sizes, joints, stabilized-basgela and the interface effects between Portland
cement concrete (PCC) slabs and base courses. The potentials ofyutikz8D finite element
method (FEM) to develop better design procedures for rigid airport pavements are well
demonstrated.

A sensitivity anal/sis was performed to establish minimum values of model parameters such as
mesh densytand overall model dimensions. The results of the sengitimal/sis are discussed.

Examples are provided of rigid pavements goedl using the developed finite element model.
The sample finite element results includeyeeénd interior aircraft loads. Model results are
validated ly comparison with other analis methods, including the FAA AdvisoCircular (AC)

150 design method for rigid pavements ahdyered Elastic Design/Federal Aviation
Administration LEDFAA). In addition, some comparisons to field data from the Denver
International Airport (DA) Instrumented Pavement Project are included.

The report includes recommendations for further development of the 3D finite element thodel.
is suggested that efforts should be made to reduce run tign@ésigsoving computational
efficiengy. It is also recommended that more validation of the finite element model be performed
using field data from DA and data from the full-scale National Airport Pavement Test Machine
(NAPTM) currenty under construction at the Williadh Hughes Technical Center, Atlantic City
International Airport, Newlersegy.

iX/x



INTRODUCTION

As part of its ongoing effort to advance the state of the art in airport pavement design, the Federal
Aviation Administration (FAA) began development of a new, three-dimensional discretized
model for computing rigid pavement responses to aircraft loading. The specific requsrement

the rigid pavement model are that it expligithodels the interactions causedibdividual tires

of multiple-wheel aircraft landopgears; that it incorporates multiple slabs of finite size; that it
makes use of available public-domain software; and that it be adaptable to future advancements
in joint, interface, and material models.

A three-dimensional finite element model meeting the above criteria was developed and
implemented. Numerical computations are performedyubia finite element pgram NKE3D

on a UNX workstation platform. Finite element meshes for rigid pavements are generated
automaticaly using a user-frienglmesh generation program that incorporates the public-domain
programlNGRID as a preprocessor.

This report covers the development, implementation, and testing of the three-dimensional finite
element model for rigid pavements. The report is organized as follows: The first section covers
the development of a preliminanumerical model and describes the various components that
were included in the final model. The second section describes the computer program for mesh
generation and presentsamples of computer-generated meshés.the third section, several
examples of rigid pavement agaés using the three-dimensional finite element model are
presented. Three-dimensional plots of stress and deflection capsadraft static loads are
shown. The fourth section discusses the model sengiéimdysis and validation of the finite
element model yocomparison with other computational methods and with available field data.
The last section highlights conclusions and recommends areas for possible further development.
The work described in this report took place over a 20-month period between September 1995
and Ma/ 1997.

BACKGROUND.

The recent introduction into commercial service of the Boeing B-777 aircraft has highlighted the
need for new advanced design methods for airport pavements using advanced computer
technolog. As aircraft landing gears continue to get heavier and more conifpleas become
increasingy clear that the traditional design models well known to pavement engineers are
oversimplified and inadequate to assess the effect of the new aircraft designs on the nation’s
airport infrastructure. For rigid pavements, the problem is espeailite. The currérFAA

design standards for rigid airport pavements, as encompassed in FAA xdvisarlar (AC)
150/5320-6D, are largelbased on a classical theoretical model (the Westergaard model) that
fails to account for such factors as slab size and that characterizes the entirganpliNement
structure below the slalyla single parameter (the modulus of subgrade reaction).

Rigid pavements are fundamenyadlifferent from flexible pavements in several y&a Unlike

flexible pavements, gid pavements areypically assembliges of jointed slabs, with various

types of load transfer devices used to transmit loads from one slab to another. Because stresses
occurring at the edges of rigid slabs are ugubk critical stresses for design, the slab edges and



joints must be considered inyaanaytic model of rgid pavements. Slab size and joint spacing
may also influence the pavement response to loads. Another important difference is that in rigid
pavement slabs, the bending stresses dominate the response to loading to a siggifecdatl
degree than in flexible pavementykrs due to the gher stiffness of Portland cement concrete
(PCC) materials relative to asphalt materials.

Flexible pavements can often be idealized as clogst@ras consistiopof several linear elastic
layers, with each lger both uniform in thickness and infinite in horizontatemt. This Igered
elastic approach to pavement modeling is unsuitable for ygigms because it ignores the joint
discontinuities. For gid pavements, the three-dimensional finite element approach is superior
since slabs of finite xdent can be modeled, as well as joints, cracks, gaps, and other
discontinuities. In addition, the finite element method frees the yamslfrom the restriction to
linear elastic, isotropic material models that characterize yieedd elastic thegr Currenty, the
biggest drawback to the three-dimensional finite element approach is that ityistimer
consuming. The solution to a single problemymequire on the order of tens of hours of
computer time. The time required for a finite element solution can be divided into two
categories: model preparation and modeaocgition. In the past, the model preparation phase
(including mesh construction) accounted for a significant part of the total solution effort.
However, with automated megkneration aorithms, the preparation phase of the solution is no
longer a significant time consideration. On the other hand, the numerical solution of large
systems of finite element equations is still a time consgrpiocess and will likgl remain so
pending major advances in computer processor technolog

OBJECTIVES.

The project objectives were divided into three parts: development of the model, sensitivity
analsis and model validation, and identification of testing requirements. The specific objectives
of each part were as follows.

DEVELOPING A THREE-OMENSIONAL DISCRETZED NUMERICAL MODEL FOR

RIGID AIRPORT PAVEMENTS. The main objective of this part of the project was to gpecif
implement, and test a discretized computational model for computing the response of rigid
airport pavements to arbitraritonfigured aircraft gears. The model should represent the correct
stress behavior of gid pavements subjected to loads from multiple-wheel airgedtrs and
should be able to accommodate differeppes of rigid pavement construction, including
stabilized basesln order to achieve this objective it was necgssaconsider the wide range of
numerical anafsis techniques available. A secondabjective related to the model specification

was to design and implement a procedure for rapid, automatic generation of the discretized
meshes required for the numerical model.

SENSTIVITY ANALYSIS AND VALIDATION OF MODH. PERFORMANCE. The
objective of the sensitiwtanaysis was to identyf variables affectig the finite element model
response and to quantithe sensitivig of the critical model response to the different variables.
Data collected in the sensitiyitanaysis will be used to further refine the model in future
implementations. A second objective was to obtain numerical solutions using the developed




finite element model and to compare the finite element solutions to results obtained using
standard FAA methodologies.

IDENTIFICATION OF TESTNG REQUREMENTS FOR MODE VALIDATION. It is

expected that model predictions will be compared to results of future response tests conducted at
the National Airport Pavement TteMachine which is currentl under construction at the
William J. Hughes Technical Center. The last objective of the project was to \déesf
requirements to validate the finite element model. These requirements include installation of
sensors at various locations in the test pavement to record pavement responses and performance
of tests for characterization of pavement materials in the finite element model.

DESCRPTION OF THE ENITE ELEMENT MODEL

TECHNICAL REQUREMENTS FOR THE THREE-IMENSIONAL MODEL.

Development of the three-dimensional computational model was guydedskt of technical
requirements, all of which were met in the final model. A short description of each requirement
and the reasons for its inclusion follows.

EXPLICIT MODELING OFINDIVIDUAL GEAR TIRE LOADS. One of the advantages of a

true three-dimensional finite element model is that problems involmogiple loads and
complexgear configurations are no more difficult to solve than those involving single loads.
Therefore the equivalent single wheel concept has no particular advantage in the finite element
method. B representing the tire loads individya#ind in their correct geometric relation, rather
than lumpig them taether in an equivalent gte load, it becomes possible usethe modéd to

explore the tire interactions at various levels and locations within the structure. Thetabilit
represent tire interactions was an explicit motivation for the development of a three-dimensional
discretized model.

While the tires comprisopthegear truck were modeled separgt¢he individual tire loads were
assumed to be distributed unifogmbn a rectangular load patch. Nonuniform pressure
distributions and nonrectangular load patches were considered at the prglstaga but were
not used in the final model because prelimynatudies indicated that the variation in the
computed response due to these factors was negligible and did not jostitxtra effort
involved in defining the loads.

STATIC LOADING. The model considers static rather thamasnic loading since the
maximum static response is normalised as the basis for design. For a particular aircraft, the
static load is the mamum load transmitted to the pavemengtthe main gear under stationary
conditions. For most aircrafyges the mamum stresses occur when the gear acts at the slab
edge (edge loading). However, for the twin-tridem B-777 main gear the interior load case may
be more severe than the edge load case under certain conditions. For this reason, the model was
designed from the outset for either edge loading or interior loading (see figure 1).

MULTIPLE S ABS OF HNITE SZE. One of the objectives was to be able to model finite-size
slabs and varload transfer properties between adjacent slabs. For the prelimodel, 25 by




25 feet was chosen as a typical slab size for airport pavements. Nine slabs were arranged as
shown in figure 1 to accommodate either edge loading or interior loading on the center slab.

/COARSE MESH /COARSE MESH
REGION REGION
4 '
= =
TRANSITION TRANSITION
LOAD —H REGION LOAD REGION
/ . FINE MESH / FINE MESH
JOINTS L REGION JOINTS AL REGION
(a) Edge Load Case (b) Interior Load Case

FIGURE 1. ARRANGEMENT OF SLABS IN NINE SLAB SYSTEMS

LINEAR ELASTIC JOINTS (SHEAR SPRING). In real pavements, loads are transferred across
joints by means of dowels, keys, tie rods, or other load transfer devices. While the finite element
method can be used to create detailed models of specific load transfer mechanisms, the
development of advanced models for particular joint types was not within the scope of the
current project. Hence, no attempt was made to model individual dowels or other load transfer
devices explicitly. Instead, a simplified linear model was used that is broadly applicable to the
range of load transfer devices used in practice.

The simplified model of joint behavior used in the finite element model assumes that the joints
act as linear elastic springs, transmitting vertical loads between adjacent slabs in shear through
the joint. The shear force is assumed linearly proportional to the relative vertical displacement
between slabs (Hooke’s law). The joint is characterized by an equivalent shear dtj§fness
expressed in units of force per relative vertical displacement per unit length of the joint. No
moment stiffness is assigned to the joint, consistent with the widely accepted view that joints
transfer loads primarily in shear and that the contribution of moment transfer is relatively small.

DISCRETIZED MULTIPLE SUPPORT LAYERS. Base and subbase layers for rigid pavements
may be of various stiffnesses, either stabilized or unstabilized, and may resist loads in shear,
bending, and vertical compression. To represent the correct stress behavior of different types of
support layers, including stabilized base layers, it was essential that the model include full
discretization of (at a minimum) the base and subbase layers. Full or partial discretization of the
subgrade layer was also considered desirable. The final model was implemented with full
discretization of base and subgrade layers, but with an option to substitute a spring foundation for
the discretized subgrade layer.




REPRESENTATON OFINFINITE SUBGRADE CONDTION. Typical design procedures for

rigid airport pavements assume an infinite depth of subgrade. While it is possible to use infinite
elements to model an unbounded domain in the finite element method, more cgnamonl
artificial bounday is imposed on the computational domain. The artificial boyndarfixed

base, is located at a depth so that the solution does not differ too much from the solution for the
original (infinite) problem.In practice, the location of thexéd base is a matter of judgment.

LAYER INTERFACE MODH.S. Horizontal interfaces in the three-dimensional model meet the
requirements of a full unbonded interface between the slab and base course and a full bond at all
other horizontal interfaces. No attempt was made to implement advanced interface models, such
as partial bond or friction models, in the current model.

The standard of a fyll(100%) unbonded interface between the concrete slab and the ymase la
and 100% bond at the other horizontal interfaces is based on Parkefl¢t k. addition to
satisying this requirement, the model includes partigkelaseparation between the slab and base
course.

PUBLIC-DOMAIN SOFTWARE. The model incorporatexisting software to perform
numerical calculations. isting programs in the public domain were strgngteferred over
commercial prgrams for inclusion in the model. A major consideration that led to the
requirement for public software was the need to have access to the source code during model
development.

PRELIMINARY THREE-DIMENSIONAL FINITE EH EMENT MODH..

The first stage of the work involved specification of a prelinyirienite element model primarily

for testing and evaluation of the various model components and numerical optidhs stage,
potential model components and options were evaluated in terms of their effect on the overall
speed and efficierycof the model operation and on the consisteoicthe predicted response.
Based on the conclusions of the prelimynanal/sis, components were either included or not
included in the final model.

FINITE ELEMENT SOFTWARE.

The finite element method was chosen as the basis of the discretized model because of its
versatility, proven reliabiliy, and the availabilt of tested, public-domain software. The finite
element package used for the computations was the package of public-domain codes developed
by the Lawrence Livermore NationalLaboratories, which includes the codes DYNA3D,
NIKE3D, andINGRID. DYNA3D is a general finite element code based wmpli@t time
integration intended for solving highldynamic structural problems such as those involving
explosions or impacts or wave propagation. The companion progr&tE3D, is a finite
element code based on implicit time greion and suitable for eitheylamic or quasi-static
structural anafsis. [2] For the problem of rigid pavements under quasi-static loading, it was
evident that NKE3D is the more suitable program, so it was adopted as the computational
ergine for the preliminar model.



INGRID, [3] the preprocessor program, is a companion programK&d3D and DYNA3D. It
generates a three-dimensional mesh and input file [KEBD. In order to uséNGRID, it is
necessarto write an instruction file in a unique programming code. To eliminate the necessity
for the user to learn theNGRID code, a front-end computer program was developed for
INGRID. Automatic meslgeneration procedures will be discussed in the follgwection.

For handling contact, thelKE3D code has a librgrof interface models including tied surfaces,
sliding surfaces with separation prevented, and sliding surfaces with gap formation allowed. The
sliding surfaces are based on a pgnfaitmulation. The principal disadvantage diE3D as a

code is its limited librar of elementypes. NKE3D supports just three elemegpés: 8-node

solid (hexahedron) elements, 4-node shell elements, and 2-node beam elements. Cogsequentl
all finite element models submitted tdKE3D for solution must contain onthese threeypes

of elements. This difficyt was overcome in the final model, which uses 4-node shell and
8-node solid elements onl

ELEMENT TYPES.

Two-dimensional shell elements are used to represent the gaalad three-dimensional solid
elements (heahedrons) for all otheryars. He&ahedral elements inIKE3D have eight nodes,
located at the element corners. Element stresses are computed x@xh&auss integration
points. The numerical integration scheme for solid elementsKiEBD is fixed and cannot be
changed b the user. Shell elements have four nodes located at the corners. Similar to solid
elements, numerical ingeation in the plane of the shell is based on a Gauss 2x@ratite
scheme that cannot be user modified. However, integration through the shell thinbs
controlled ly the user at the input level. A five poinbbatto integration scheme (see appendix

B) was substituted for the default two point Gauss scheme, epéidirprgram to compute the
stresses diregtlat the upper and lower surfaces of the shell. For concrete slalsisrtae
computed stresses at the top and bottom surfaces are of greatest interest since these represent the
extreme fiber stresses in the slab.

The ability to compute stresses dirgc#t the surface, rather thaxt@polate to the surface from
an interior integration point, is a clear advantage of usikgERD shell elements to represent the
slab. Another advantage is that, compared t@lhedral elements, fewer elements are needed to
model the slab. This is because a singferl@f shell elements is able to represent the bending
behavior of the slab while a reasonable apjpnation of bending using thelKE3D hexahedral
elements requires a minimum of fouyéas.

A third advantage of shell elements ovexdigedral elements is tied to geometric considerations

in the slab. Good mesh design requires that aspect ratios of the finite elements be cohtrolled.
the case of hehedral elements, horizontal dimensions should not gremteed vertical
dimensions, and thjplatelike elements should be avoided if possible. Given a slab of thickness

t, the slab should be divided intolayers of h&ahedrons such that the height of thediedral
element ist/n. In order to preserve a reasonable aspect ratio, the horizontal sideabétiel
elements throughout the slab mesh should be limited to some multiple of the slab thickness, say
6t/n. This restriction results in excessialense meshes awérom the load, increasithe



element count hy@nd what considerations of engineering accur@one would require. The

same restriction does not apph the case of shell elements. Since shell elements are two-
dimensional, the ratio of element side to shell thickness can be as large or small as required. This
propery of shell elements permits a good deal monelfiét y in meshing.

One-dimensional beam elements were used in connection with the first joint model developed
(seedoint Models).

JOINT MODELS.

Joint modeling presents special difficulties inKE3D. The ideal spring connection, as shown

in figure 2, would be one that provides a vertical spring force proportional to the relative vertical
displacement between adjacent slab edges but does not constrain movemepntoihean
direction. Unfortunatgl NIKE3D does not support such a spring connection.

Node |

shell element shell element

Node j

FIGURE 2. IDEALIZED LINEAR JOINT

The preliminay model used short IKE3D beam elements to approximate a shear spring
connection. A schematic of this model is shown in figurel8should be emphasized that,
although beam elements were used, the intention of the prelymuaarnot to model the jdirms

a beam mechanism nor to model the individual dowel bars. Consggukatspacing of the

beam elements shown in figure 3 does not correspond to the actual spacing of dowel bars nor
does the short span lengiltorrespond to the actual gap between pavement slabs.

In figure 3, node$ andk are constrained to act together in both yhand z directions while
relative horizontal motion in the x direction is unconstrained. Relative rotational movement is
also permitted in all directions. From elementanechanics, the relative displacemét
induces a shear forcé in the beam, as well as a momavtat noe i. For the statically
determinate beam, the induced moment is given by

M =Vo



Since the beam span lengéhdoes not correspond to an actual gap width, it can be made
arbitrarily small. It should be chosen small enough to make the valMenefgligible. In the
preliminary model a value of 0.1 inch was used dor For the shear beam, the equivalent
stiffness of joint per unit length of joint is given by

5EI
kJ'oint = (1+ /»1)5 h2

whereh is the height of the beam element ant Poisson’s ratio for the beam material. The
required beam stiffnedsl (per unit length of joint) is calculated for the individual beam element
from the assumed value kfin:.
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®
Shell
Elements z
y
o
X

FIGURE 3. PRELIMINARY JOINT MODEL USING DISCRETE BEAM ELEMENTS



After the preliminary finite element model was developed, it was discovered that the beam
elements in the above joint model are not compatible with the preconditioned conjugate gradient
(PCG) solver in NIKE3D (see Linear Solvers). In order to make use of the PCG option, a joint
model with 3D elements was developed (figure 4) and implemented in the final model. The final
joint model uses three-dimensional solid elements with linear elastic, orthotropic material
properties. As opposed to the previous model where discrete beam elements were placed at the
nodes, here the solid elements form a continuous joint.

Shell __ ——
Element
\

Shell
Element

FIGURE 4. FINAL JOINT MODEL USING ORTHOTROPIC SOLID ELEMENTS

Orthotropic materials have different elastic properties in orthogonal directions. Stress-strain
behavior is defined in the material model by nine independent elastic constants: Young’s moduli
Ex, Ev, Ez; shear modulGyxy, Gyz Gzx; and Poisson’s ratioSxy, Uyz Uzx. The subscriptX, Y,

andZ refer to local coordinate axes that may or may not correspond to the global yxasdz.

In NIKE3D, orthotropic elastic solids correspond to material type no. 2.

In figure 4, the joint is parallel to the axis, so the local axes are taken to coincide with the
global axes. A shear modul@s; for the joint element can be calculated from the assumed joint
stiffnesskioine. The shear modulus is defined as the ratio of shear siye8s shear strairy;,
where the shear straip; in figure 4 can be calculated as the angle defined by the relative



displacementd divided by the element length The shear stress,, in the element can be

related to the joint shear stiffness per unigtarby
A
Oy, = kjoint F

whereh is the element height. Using the definition of shear modulus gives

g _kjoint5
“ Yy h

As with the beam model, the joint element sidegllerd does not correspond to the actual gap
between the slabs, so it can take oy emnvenient value.lt is most convenient to assign the
same numerical value @andh so thatG,, has the same numerical valuekgi:. All of the
numerical &amples in this report were computed using the vatuesd = 1.0 in. The 1-inch
dimension was chosen to provide a suitable aspect ratio for the 3D solid joint elements. While a
smaller dimension, sad = 0.1 in., may be closer to a realistic estimate of the gap width, it was
found that the resulting high aspect ratio leads to numerical problems in the finite element
solution. In particular, the stresses computed uging 0.1 in. do not differ significantly from

those computed using 1.0 in., but due to the thinness of the joint elements, the required solution
time is much longer (cf. runs no. 9 and 63 in appendix A for a comparison of run times).

The other elastic constants were assigned appropriate vdlugsrticular,Ex was assigned a
low nominal value Ex = 100 psi) to allow independent horizontal movement of the slabs on
opposite sides of the joint. Poisson’s ratio was 0.3 in all directions.

The nodes in the upperyker that are not connected to the shell elements must be constrained to
prevent rotation of the joint elements and to force the joint elements to deform in shear, as shown
in figure 4. This is accomplished in the modgldonstraining noden to have the same vertical

and horizontal displacements as nqdend similar constraints are applied to the node gaing, (

(k, 9, and(l, p).

INTERFACE MODH.S.

Horizontal interfaces that were complgtélonded required no special treatment in the finite
element method. For other interfaces, in particular for the interface between the bottom of the
slab and the top of the basgdg NKE3D provides a number of built-in options. The available
interface models are:

Type 1 - Tied. No separation or slidins permitted. (This option is practicakkquivalent to a
completey bonded interface, but allows the mesh to be discontinuous across the
interface. It was not used in the current model.)

Type 2 - Sliding only.  Allows frictionless sliding of contact surfaces with full contact
maintained between surfaces.
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Type 3 - Sliding with gaps (see below).

The last option, sliding with gaps ¥{pe 3), is the general contact option available within
NIKE3D. Designated slide surfacesynze in contact or ful or partially separated. The final
contact surface is obtained lequilibrium iterations and does not have to be knawpriori.

This option is particulayl useful for modeling gap formation in rigid pavements where surfaces
initially in contact mg become partiayl separated under the application of load. As withel'l

and Type 2 interfaces, the mesh can be discontinuous across the interface.

For rigid pavements in edge loading, it is common for the slab on the unloaded side of the joint
to become separated from the baserda This condition is modeledydefining the interface
between slab and base asypd 3 slide surface (sliding with gaps).

Another feature of §pe 3 sliding surfaces inIKE3D is the abiliy to treat sliding friction.It is

possible to designate both static and kinetic friction coefficients applicable to the whole slide
surface. These options were not used in the current model due to the static nature of loading and
because to include friction would be to depart from elastic yheor

All of the NIKE3D contact models are based on a pgrfaltmulation. This means that in all
problems involving contact, a small but finite amount of penetration between the contacting
surfaces must occur in order to develop the pgriaites. In NIKE3D it is possible to control

the degree of penetratiory ladjusting the “penalt stiffness scale factor” for pengalforces,
although penetration can never be reduced to zerdNIKE3D the default value of the penalty
stiffness scale factor is 1.0. From repeated trials of the pavement models it was found that
NIKE3D’s default settings led toceessive penetration at the slab-base interface, and a factor of
10.0 was needed to reduce the penetrations to acoefmabValues. The cost associated with
increasing the penalstiffness scale factor is slower convergence of the numerical solution.

FOUNDATION/SUBGRADE MODHE.S.

The numerical options available to model the infinite subgrade wergzadal The following
alternatives were identified and studied:

1. Artificial fixed base. In this option the sugrade is discretized ugrfinite elements to an
arbitraly cutoff depth. The contribution of the subgrade below the cutoff depth is
ignored.

2. Compliant foundation. The discretized subgrade is replageda lcompliant mat

foundation. The baseyar of nodes is notxed but is assigned a stiffness based on the
theoretical response of a dense liquid (Winkler foundation) or a semi-infinite elastic solid
(Boussinesq foundation). The three-dimensional discretization of the base and subbase
layers is retained.

3. Infinite elements. Infinite elements are special finite elements that ateneled to
infinity in one or more directionsylusing nonlinear shape functions whose valueydeca
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to zero at infinity. Because they do not increase the node count, but simply contribute an
additional stiffness to nodes at the base, infinite elements may actually be thought of as a
kind of compliant foundation.

4, Finite element/boundary element hybrid model. By coupling boundary elements to
standard finite elements it is possible to produce a numerical model encompassing the
entire subgrade region. A schematic of such a hybrid model is shown in figure 5. The
model in figure 5 is based on a special boundary element formulation (the Mindlin
formulation) for which the fundamental solutions are the solutions for a linear elastic half
space. [4] The advantage of a hybrid technique is that a relatively small region is
discretized, yielding substantially fewer equations than a comparable finite element mesh.
In figure 5, only the slab and base layers are discretized. Also, the boundary region,
which is not discretized, automatically accounts for the infinite extent of the problem
domain. A major disadvantage is a lack of qualified public-domain software to handle
boundary element or hybrid problems.

Load
\r Finite Element Region

/%, /7 /%

A

\ 4 & L 4 \ 4 & A 4

Boundary Element Region

FIGURE 5. FINITE ELEMENT/BOUNDARY ELEMENT HYBRID MODEL

The comparison consisted of three steps. First, node and element counts were made based on a
hypothetical model of a rigid pavement consisting of nine slabs and a base layer supported on an
infinite subgrade. For simplicity, joints and sliding interface elements were not considered in the
calculations, nor were equilibrium iterations considered. Next, estimates were made of the total
number of mathematical operations (additions, multiplications, root extractions) required to
completely solve the linear system produced by each of the above alternatives using a direct
method of solution. Finally, these estimated operations counts were converted to estimated run
times on a work station computer. Because all of the steps were done on paper, there was no
need to actually implement the various models and time them.

The hypothetical model used for the comparison is shown in figure 6. The slab layer consists of
1,940 4-node shell elements for a total of 2,137 nodes. The base layer consists of a single layer
of 8-node solid elements for a total of 900 solid elements and 1,922 nodes. For the artificial
fixed base option, a discretized subgrade consisting of 10 layers of solid elements in a regular
mesh was used. The total number of additional elements in the discretized subgrade is 9,000 and
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the total number of additional nodes is 9,610. The option of using higher order, 20-node
serendipity elements for the discretized subgrade was also considered.
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FIGURE 6. DISCRETIZED MODEL FOR RUN TIME ESTIMATES

Table 1 lists nodal counts for the various numerical options as well as estimates of the number of
equations, operation counts, and central processing unit (CPU) solution times. Except as noted
below, operation counts assume that the system of linear equations is solved directly using a
banded Cholesky procedureOL" decomposition). The Cholesky method applies to banded,

symmetric, positive-definite matrices and is more efficient than standard Gauss elimination for
these problems.

The number of operations (flops) needed to solve the system is given
approximately by the formula [5]

OC=np +8np+ n

whereOC is the operations count,is the number of equations (i.e., the number of unconstrained
degrees of freedom in the system), anslthe half bandwidth of the stiffness matrix.
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Cholesky decomposition cannot be used for the finite element/boundary element hybrid method
because the matrices produced by this method are not symmetric. Banded, nonsymmetric
systems can be solved directly using Gauss eliminatldd @ecomposition and back-
substitution), for which the approximate operations count is given by the formula [5]

OC=2np +4np

with n andp as defined above. Estimates of run times are based on an assumption that the
microprocessor performs calculations at a rate of 10.7 megaflops per second (17 x 10
operations per second). This rate was based on observations of the actual performance of an SGI
Indige® work station with 128 megabytes of random access memory (RAM) programmed to
perform repetitive multiplications. The run times in table 1 represent only the solution time for
the linear system. However, for problems of the size considered here, the linear solution phase
can be expected to account for in excess of 90 percent of the total CPU time charged.

TABLE 1. COMPARISON OF OPERATION COUNTS AND ESTIMATED CPU TIMES FOR
VARIOUS MODELING STRATEGIES

No. of Equations Operation Estimated CPU time
Description Nodes| (Estimated Bandwidth)] Count, MFlops hours
Discretized subgrade,
fixed base 13681 ;15‘:366007) 1.53x 16 39.7
(8-node elements)
Discretized subgrade,
fixed base 9797 (3;?78185? 7.99 x 16 20.7
(20-node elements)
Compliant foundation, 18660
Winkler subgrade 4071 (4310) 3.47x 16 9.0
Compliant foundation,
Boussinesq 4071 (148361%3 3.47x 16 9.0
Infinite elements
18660
4071 (4310) 3.47x 10 9.0
Finite element/
boundary element 4071 18660 3.93x 10 10.2
. (3243)
hybrid

From table 1, it is apparent that the discretized subgrade with a fixed base is the most expensive
foundation option in terms of run time. However, it is also the simplest to implement and
requires only that the fixed base be located at a sufficient depth to yield accurate results. If
20-node elements are substituted for 8-node elements (based on one higher-order element
replacing eight linear elements) then a CPU time savings of nearly 50 percent is achieved.
However, as mentioned above, these higher-order elements are not included in the standard
NIKE3D element library. The various compliant foundation options, including the infinite
elements option, are all virtually equivalent in terms of run time, and the choice should therefore
be based on considerations of accuracy and ease of implementation. The estimate for the finite
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element/boundgrelement kibrid does not reflect thexeensive numerical integration needed to
form the boundar element stiffnesses. If this extra computational effort is added in
(appraximately 3.3 x 13 Mflops) then the estimated CPU time total for that option increases to
11.0 hours.

The final model uses the option of a discretized subgrade wét bases. An alternative model
was developed that substitutes a Winkler spring foundation for the disdrstibgrae layer
(but retains the discretized finite thickness basers. This alternative model, which is
discussed in the section on Automatic Finite Element Mesh Generation, IKE3SINmaterial
type 17 (Foundation BoundaBpring) to represent the Winkler foundation.

The finite element/boundgarelement kibrid option was not pursued.t was felt tha the
moderate time savings did not jugtithe considerable programming effort involved in
developing and qualiing a program to handle red three-dimensional FE/BE computations,
especialy in view of the fact thagreater potential time sawga are available with a compliant
foundation approach.

LINEAR SA.VERS.

The estimates in table 1 are based on a direct solugionthim. While direct aJorithms such as
Gauss oCholeslky decomposition are the best known ytlage not necessayithe most efficient
solution tools. In particular, the famyl of PCG solvers maprovide much faster solutions where
large numbers of equations are involveth addition, PCG solvers afford considerable data
storage savings as compared to direct methods.

A full description of PCG methods is ymnd the scope of this report, but reference is made to
Atkinson [6] and Hughes and Bgtchko [7] for a fulle treatment Basically, the conjugate
gradients are a set ofindependent vectors, or search directionssatisying the orthgonality

propery [6]

p/Ap,=0 1<i,jsn i#]

with respect to A, where A is the realynametric, positive definite matrix of stiffness
coefficients, and is its rank. If the vectors pare used as the search directions in an iterative
scheme, it can be proved that the solution must be found inxemoma of n iterations, and
generaly convergence is far faster. Various preconditioners can be applied to matrix A to
improve its condition number and to speed convergence of the conjugate gradient (CG) solution.
An advantage of the preconditioned conjugate gradient method as applied to finite element
problems is that all of the matrix operations, including preconditioning, gaeitiormed at the
element level, so there is no need to form and store the glodlal stiffness matrix (as direct
solution methods require). The abjiltb do computations omalement-by-elemetuasis rather
thanglobally is the kg to the storge savimgs associated with PCG. A related advgets that

there is no need to minimize the matrix bandwidth in the elemeatement method.
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NIKE3D includes both an efficient direct solver (calld&8.E) and a preconditioned conjugate
gradient solver with various preconditioning options. Use of the PCG solvelKiB3® is
somewhat restricted. Models involving beam or truss elemantsscree springs or dampers,
are not supportedytthe PCG solver. Since the materigdé 17 foundation boundaspring is
essentiall a g/stem of discrete springs placed at boupdwdes, it is also not supportey the
PCG solver.

The finite element model discussed in this section was formulated to be compatible with the
NIKE3D PCG solver. Hence it does not include beams or discrete sprixugpt(dor the
Winkler foundation option). NKE3D allows the user the option of storing element and
conjugate gradient data in core meyn(ithe option recommended the NKE3D originators) or

on disk in temporarstorage files (necesyaior vely large models). Using an $@ork station

with 128 megaites of RAM, models of up to 100,000 degrees of freedom genergtédte b
automatic procedure discussed in the following section have been sucgessitlited in core.

Generaly, problems involving more than about 10,000 equations will be solved more quickly
using a PCG solver instead of an efficient direct solver. However, due to the nature of the
iterative process, the exact solution time for a specific problem is difficult if not impossible to
predict (see appendix A)ln NIKE3D, the initial linear solution is iterativeimproved until an
equilibrium convergence criterion is satisfied. Between equilibrium iterations, internal forces are
recomputed and the set of nodes in contact along the sliding interfagdsenaajusted. The

total solution time therefore depends on both the conjugate gradient iterations (the inner loop)
and the number of iterations to achieve equilibrium convergence (the outer loop).

AUTOMATIC ANITE ELEMENT MESH GENERATON

Automated data preparation is an important part of a successful finite element implementation.
Before ary finite element computations can take place, a large amount of numerical data is
needed to describe the mesh geowmelnading parameters, boungaconditions, material
properties, etc. For ggical three-dimensional mesh the number of nodes and elements can run
into the tens of thousands. Also, the specific form of the mesh is problem dependent, influenced
by such factors as number of wheels and wheel arrangement, load magnitude, load case (i.e.,
edge loadirg or interior loadig), symmetry, and pavement yer desgn. Cleary, the task of
organizing the data and generating a usable input file is best daoeniputer.

NIKE3D has a companion preprocessor progrddNGRID) that generates three-dimensional
meshes in a format readablg MIKE3D. Like NIKE3D and DYNAS3D,INGRID is a Fortran 77
program that can be compiled to operate on a workstation inl¥ &iiironment. No personal
computer version is curregthvailable. In contrast to mancommercial preprocessot®|GRID
has vey limited interactive capabilities. The user is required to prepare arll Agglit file
containing specific meshing instructions fWGRID. Instruction files mg run to hundreds of
lines of code and must be written in a complexgmmmirg language that can be difficult to
master. The language and commands are documented MGRED User Manual. [3]
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In order to simplify mesh generation for the user, a Windows-based front-end program for
INGRID was written in the Visual Basic language. The front-end program (called PreGrid)

accepts input from the user and then automatically generates the instruction file for INGRID
based on the user-provided information. The PreGrid interface is interactive and user-friendly.
There is no need for the user to learn the INGRID programming code.

At the current stage of development, 3 steps are required to generate the NIKE3D input file.
First, the INGRID instruction file is generated on a personal computer (PC) running Windows 95
or higher using PreGrid. The generated instruction file is then transferred to the UNIX
workstation or other computer running INGRID. Second, INGRID is run using the PreGrid-
generated instruction file as input. This step produces a valid NIKE3D input file, but one that
lacks information about gear loads and certain nodal constraint and control data. Third, the
intermediate NIKE3D input file is automatically modified, adding the missing data, using
ReGrid. ReGrid was written in Fortran with a Visual Basic front end. Specific modifications to
the NIKE3D input file performed by the ReGrid program are the following:

1. The NIKE3D input file format is changed from Version 2.0 of NIKE3D to Version 3.0.

2. Information about nodal loads is added to the input file.
3. Boundary and symmetry conditions (if applicable) are added to the file.
4. Constrained node pairs are defined for the joint elements. It is necessary to constrain the

movement of pairs of nodes in the joint elements to force the joint to deform in shear and
prevent rotation of the joint about its longitudinal axis. The continuous linear joint model
is described in detail under “Joint Models” in a previous section of this report.

5. Nodal coordinates are scaled to conform to slab dimensions selected by the user. Joint
stiffnesses are automatically recalculated to agree with the scaled gap width. Thus the
joint stiffnesskioin: input by the user is not affected by the scaling operation (see Model
Scaling).

6. Data for numerical integration through the shell element thickness by Lobatto’s rule is
added (see appendix B).

7. Foundation boundary spring (NIKE3D material No. 17) cards are defined. One additional
material card is defined for each numerical value of spring stiffness assigned to a node on
the foundation. Foundation Node Boundary Condition cards are appended to the end of
the file when Material No. 17 is defined. This applies to the Winkler Foundation option
only (see Winkler Foundation Option).

The above automatic mesh generation process involves three separate programs and considerable
transfer of data from computer to computer. This is necessary because the INGRID program that
performs the actual meshing is not set up to run in Windows. One option under consideration is
to compile the INGRID code on a PC, and then combine the three programs PreGrid, INGRID,
and ReGrid into one integrated mesh generation program whose sole output would be the
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NIKE3D input batch file. The effect of the integrated procedure would be to make the actual
meshgeneration transparent to the user.

WINDOWS-BASEDINTERACTIVE FRONT END.

The main interactive window for PreGrid is shown in figure 7. User data input for this program
is limited to threegeneral catgories: aircraft data, pavemenyéa data, and load case. Selection

of the aircraft gear is made as yas possible. The user selects an aircraft from a pull-down
menu at the left. Aircraftypes are organized according to aircraft manufacturer, with a number
of generic gearypes included as well (e.g., single wheel, dual tandem). The list of aircraft is
adopted from the list included in theayered Elastic Design/Federal Aviation Administration
(LEDFAA) pavement design standard. [9] When the user selects an aircraft, the main gear
footprint appears in the large graphics window. Using the “Edit Wheels” buttons on the right,
the user can add, remove, or move wheels to create a new configutatamation about the
distribution of loads to the individual wheels in the gear is shown in a table under the graphics
window. The following variables are assigned default values from the aircrafyJibtarcan be
modified interactivel from the PreGrid window: Gross Vehicle Weight (GVW), Percent of
GVW on Main Gear, Tire Pressure. The load case (edge or interior load) is selected in the box at
the lower rght. For ede loadimg, the default orientation of thgear is parallel to the joint, but a
perpendicular orientation can be selectedHecking the appropriate 0
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The pavement structure is entered in a separate window, the Pavement Structure window shown
in figure 8. Layer thicknesses and properties can be entered or modified at any stage prior to
final generation of the mesh instruction file. Properties can be entered for four layers: the PCC
slab, layer 1, layer 2, and the subgrade layer. The PCC slab and layer 1 are required. In addition,
either a discretized subgrade layer or a Winkler foundation must be entered. In most cases, layer
1 is the base layer and layer 2 represents a subbase. However, if no subbase is required for a
particular section, then entering zero for the layer 2 thickness causes the program to skip that
layer. Each active layer requires two elastic constants: Young's mdgélahg Poisson’s ratig.

For the PCC slab, these elastic constants are internallyEet #5000,000 psi angd = 0.15.

@ PAVEMENT STRUCTURE [_[O] =]
-Slab ~Slab Dimensions ——
Thickness: [14 -
Young's Modulus E  4.000.000 psi cELlmemes: B >

Poisson's ratio 015

Joint Spring Constant: |1E|IZIDDEI

% Dimension: |25 -

~Layer 1 -Cracked Base
Thickness: IE! -.-|
Young's Modulus E: IFEDDD vl - Base Layer
Cracked

Poisson's ratio: |0.35

-Layer 2

Thickness: IE! v|
Young's Modulus E: [75000 -] . 0%

Poisson's ratio: |0.35

-Subgrade Layer Foundation Options

Younqg's Modulus E: [15000 -
Poisson's ratio: |E|,4

# Subgrade Layer

" Winkler Foundation

FIGURE 8. PAVEMENT STRUCTURE EDIT WINDOW FOR PreGrid

By default, the program generates a three-dimensional subgrade mesh with elastic properties as
assigned in the Pavement Structure window. An option allows the user to substitute a dense

liquid (Winkler) foundation for the discretized subgrade layer. If the Winkler Foundation option

in figure 8 is selected, no subgrade mesh is generated. The Winkler option, and certain limits on
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its use, are discussed below. A second option, Bager Cracked, generates a mesh with a
discontinuiy in the base lger at the location of the joint. The discontigug modeled as a fully
unbonded, verticalype 2 sliding interface. This option is particwaudseful for anajzing the
effect of cracks in Ilgh-stiffness stabilized baseykxs that frequentlform at the joint location.
The cracked-base option is selectgdchecking Basé.ayer Cracked in the Pavement Structure
window (figure 8).

As discussed in reference 8, the program PreGrid agtpdtduces two ASIT text files. The
first, given a file name with an extensiongijns the actualNGRID instruction file. The second
file, given the same base file name but with tkeemsion .rgd, is a file containing data for the
loadgeomety used later pthe prgram ReGrid. Once all data epis complete the userclicks

on Go Mesh (figure 7) to generate the files.

MESH GENERATON USNG INGRID.

INGRID produces modelsylgeneratig parts and combingthem into lager assemblges via a

nodal merging process. Controlling the merging process can be the most difficult aspect of using
INGRID, which is wly the PreGrid program was developed under this research effort to
automate the process and make it transparent to the end users.ypésesf parts are available
“Standard” parts are used for generating three-dimensional meshes. “MAZE” parts are used for
generating two-dimensional elements (e.g., shells) and can also be stacked to form regular three-
dimensional meshes. Transition elements can be used to provide 3:1 or 2:1 transitions in mesh
densiy between adjacent MAZE parts. The thiyde of part, one-dimensional beam parts, is not
used in the final model.

In the final model, all three-dimensional mesh regions (base, subgrade, joints) use standard parts,
while the two-dimensional slab region is meshed usingZE Aarts.

SYMMETRY CONSDERATIONS

PreGrid automaticallchecks the mesh and the loaglto ascertain whethegsimety exists. If
symmetry exists, then the appropriatgnsmety planes (one or two) are formed in the model.
For interior loadig, either one or two planes oyramety may exist, dependigp on thegear
geomety. For edge loading, onlone plane ofysmmety (the x-z plane) is possible.ygéhmetry
planes are formedytimposing appropriate displacement or rotational constraints on nodes on the
plane of gmmety. By taking advantage olygimety, the size of the finite element problem that
needs to be solved is substanyiaélduced. As an option,IKIE3D allows ymmety planes to be
defined based on a penaformulation similar to the sliding interfaces. However, this&EBD
feature was not used in the current model.

BASE AND SUBGRADELAYER MESH.

Figures 9 and 10 showpical three-dimensional meshes for the base and subgrade région.
figure 9, circular and spherical mesh patterns were used to transition from a fine mesh in the
vicinity of the load to a coarse mesh in the far field. A reasonable element aspect ratio was

20



maintained throughout all parts of the three-dimensional mesh. The maximum element side
length used for three-dimensional elements in the vicinity of the load is 5 inches.

Rigid Airport Pavement
INGRID Display of Master Slide Surface

FIGURE 9. THREE-DIMENSIONAL MESH FOR BASE AND SUBGRADE LAYERS
(EDGE LOAD CASE)

The “truncated pyramid” shape of the subgrade meshes shown in figures 9 and 10 is influenced
by two principles. The zone of influence of the applied vertical load tends to expand with greater
depth below the slab, so a larger area must be meshed at greater subgrade depths. At the same
time, the effect of the applied load diminishes as the distance from the point of load application
increases, justifying a coarser mesh density in the parts of the mesh far from the load. The
horizontal & andy) coordinates of the nodes are scaled linearly with depth, resulting in a
pyramidal shaped mesh whose nodal density gradually decreases in all directions away from the
load, as shown in figures 9 and 10. The horizontal scale factors are set so that the nodes on the
side boundaries of the mesh slope at a 45-degree angle to the vertical, while nodes on vertical
planes of symmetry remain vertical.

The mesh in figure 9 was generated assuming edge loading of the center slab by a B-777 main
gear (see figure 7). For this type of problem there is one plane of symmetxyz(ptene). The
PreGrid program detected the single plane of symmetry and consequently instructed INGRID to
produce a mesh for only one-half of the problem domain. For interior loading problems where
two planes of symmetry are detected, one-quarter of the problem domain is meshed (figure 10).
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FIGURE 10. THREE-IMENSIONAL MESH FOR BASE AND SUBGRADEAYERS
(INTERIORLOAD CASE)

The upward-pointing arrows in figure 9 indicate an area where a sliding interface is defined. The
interface area is the contact surface between the top of lyasatal the base of one of the 25-

by 25-foot slabs. The basey&& surface is defined as a master surface and the slab surface (see
figure 11) as a slave surface, but this is a puadbitray designation, asype 3 slide surfaces in
NIKE3D are gmmetrical with respect to master/slave designatibmthe edge-loading model
shown (figures 9 and 11) there are a total of six defined slide surfaces, one surface corresponding
to each of the slabs in the model.

SLAB LAYER MESH.

Figure 11 shows a top view of a mesh producgtN&RID for the slab Iger. The problem is

the same as in figure 9, edge loadiygalB-777 main gear. The slabs are separateghps of 1

inch thickness at the joints to allow room for the joint elements. A detail of the fine mesh area
with the B-777 load is shown in figure 12.

Figures 11 and 12 illustrate the mesh pattern used for 3:1 and 2:1 trangitioniwo
dimensions. ¥pical element side lengths in the coarse mesh region are 12.5 inght#® WBe

of a row of 3:1 transitioning elements and then a row of 2:1 transitioning elements, the element
length in the fine mesh region is 2.083 inches.
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Rigid Airport Pavement
INGRID Display of Slave Slide Surface
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FIGURE 11. TWO-DIMENSIONAL MESH FOR SLAB LAYER (EDGE LOAD CASE)
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FIGURE 12. DETAIL OF SLAB MESH WITH B-777 MAIN GEAR LOAD
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The slave slide surface in figure 11 corresponding to the master slide surface 0 fgsmewn

by the curved arrows. \Bthe right hand convention, the arrows point downward, indicating that

the surface faces the top of the base course. The reference plane for shell elements coincides
with the slab/base interface in all cases.

MODELING THE AIRCRAFT GEARLOADS.

DETERMINATION OF THE NODA. LOADS. Figure 12 shows the main gear footprint for the
B-777 aircraft superimposed on the surface mesh. Due to single-gtangsy, only four of

the sixwheels comprising the gear appear in the figure. Wheel loads are applied to the surface
mesh ly a tributay area method according to the following rules:

1. The wheel load is assumed to be unifgrrdistributed on a rectanguléoading patch.
The shape of the load patch is the equivalent rectangular load patch developed for rigid
pavement designybthe Portland Cement Association (PCA). The dimensions of the
rectangle are 0.8712Ixby 0.6 xL, whereL is given ly the formula

_ A
L= 05227

ard A; is the nominal tire contact area obtaingddividing the tire load ¥ the nominal
contact pressure. The PCA load patch is described in references 10 and 11.

2. Nodal loads are computed la tributay area method, with the tributaarea for each
node computed following the diagram in figure 13. The nodal load is the product of the
tributary area and the nominal contact pressure for the gear.

3. The center-to-center dimensions of the load patches are equal to the actual center-to-
center dimensions of the wheels comprising the aircraft gear.

4, For the edge loading case, the edge of the slab lines up with the long side of the
rectangular load patch. For the interior load case, the geometrical center of the gear
coincides with the center of the slab.

TIRE PRESSURE [STRBUTION. A preliminay studs was conducted to evaluate the
possibility of using nonuniform tire pressures or nonrectangular tire load patches in the finite
element model. For comparison with the uniform distribution, an idealized nonuniform tire
pressure distribution based on the work of Tielking [12] was assumed (see figure 14). The
following conclusions were made from this stud

1. A relatively high nodal densit in the tire contact region is needed to capture the
nonuniform pressure variation within the tire contact region.
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FIGURE 13. NODAL LOAD DISTRIBUTION BY TRIBUTARY AREA METHOD

Data collected by Tielking [12] indicates that several factors affect actual pressure
distributions in aircraft tires, including tire inflation pressure and tire design (bias versus
radial, etc.). As a result, distributions for different aircraft may not be similar. Tielking
compared measured pressure distributions for a B-737 tire to predictions from a finite
element model (see figure 14). His results suggest that tire pressure variability is mainly
in the lateral direction, with the longitudinal pressure distribution close to uniform.

For the rigid pavement case, critical stresses predicted by assuming a nonuniform tire
pressure distribution did not vary significantly from critical stresses predicted for a
uniform distribution. Likewise, stresses for the nonrectangular PCA load patch did not
vary significantly from those for the rectangular PCA load patch.
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Vertical Contact Force (normalized)

FIGURE 14. NONUNIFORM TIRE CONTACT PRESSURE DISTRIBUTION
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Table 2 contains stress comparisons for nonuniform versus uniform pressure distributions and
nonrectangular versus rectangular load patches. Stresses in table 2 were computed for the case of
Boeing B-737 single tire (edge stress) using the finite element program KBS [11] The

critical stress is the maximum bengistress computed in the base of the slab. Assumptions are

as listed in table 2.

TABLE 2. EFFECT OF NONUNORM TIRE PRESSURE [3TRBUTION AND LOAD
PATCH SHAPE ON INITE ELEMENT COMPUTED CRTICAL STRESS FOR
B-737 SNGLE-WHEH- LOAD

Critical Stress,
Base of Slab Percent
Description ofLoad (psi) Variation
Uniform pressure distribution, PCA rectangular load
patch 495.37 N.A.
Nonuniform distribution in the lateral direction, PCA
rectangular load patch 494.86 0.103%
Uniform pressure distribution, PCA oval load patch 494.88 0.99%
Assumptions:
1. Slab size 120 x 90 x 12 in (15 x 10 x 1 ft)
2. Edge loading on long edge of slab
3. Winkler foundationk = 200 pci
4. Concrete propertie€ = 4 x 16 psi,u = 0.15
5. Loading: B-737 single wheel, Total load = 30,000 Ibs., Contact pressure = 155 psi
6. Uniform pressure distribution in longitudinal direction
7. Nonuniform pressure distribution in lateral direction, see figure 10.

Based on the stydthe use of nonuniform pressure distributions or nonrectangular load patches
was not justified in the present model.

CONTROLLING THE MESH DE3GN.

In the finite element method the optimal mesh design gives the required level of acsimge

the fewest elements. Onew@ control the number of elements in the mesh is to limit the size

of the fine mesh gon relative to the rest of the model. Anotheryws to limit the mesh
densiy. Because establishing appropriate mesh dimensions for a given class of problems is
largely a trial and error process, the automatic mgsteration prgram was degned to allow
modifications to the basic mesh to be made phgicharging one or more internallset control
parameters.

The automatic meshgeneration prgram creates a mesh for the slapelaconsistig of two-
dimensional shell elements as shown in figures 11 and 12. The fine mesh regibae laaer
or smaller as needed, depending on the main gear characteristics of the grersdtected. For
example, multiple-wheel gears such as the B-777 will require a mteaseve fine mesh region,
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hence more nodes in the mesh, than single-wheel gears. To handle this meshing requirement, the
automatic mesh generation program assigns different values to the control dimensions shown in
the diagram in figure 15. The distances shown, as, ande define the limits of the fine mesh

area. Similarlya, a',andb are parameters that define the limits of the transition mesh area.

a a
< Joint B
- :
b
c' c
2e 2f —i
N b
DR300
SLAB 2 SLAB 1
S —
J d \ | |
Fine Mesh Region

/Y 2:1 Transition Elements

R 3:1 Transition Elements

FIGURE 15. CONTROL DIMENSIONS FOR SLAB MESH (EDGE LOAD)

In the framework of figure 15, fine mesh density is related to coarse mesh density in the slab by a
6:1 ratio defined by the two layers of transition elements. Layer 1 consists of 2:1 transition
elements in the region defined by 2f-2e and (§Hckc). Layer 2 is a 3:1 transition element

region immediately adjacent to the coarse element region. Practically, the fine mesh can take on
only discrete values related to the slab dimensions. For example, if the length of the side of slab
1 is taken as 300 inches (the default value) and the coarse mesh spacing is 12.5 inches (i.e., 24
elements equally spaced along the slab side), then the side of an element in the coarse mesh
region is 12.5 inches divided by 6, or 2.083 inches. If the coarse mesh spacing were changed to
20 inches (15 elements along the slab side), then a fine mesh spacing of 3.33 inches would result,
and so forth, always in a 6:1 ratio. In this way, the fine mesh density is controlled as well as the
extent of the fine mesh region. The effect on model response of altering the fine mesh density is
discussed in the section “Model Sensitivity Analysis.”
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Care must be taken to choose combinations of parameters that result in a proper and valid mesh
when processed by INGRID. For exampteandc” in figure 12 must be chosen as even
multiples of 2%, where is the fine mesh element side length (i.€y, 824, etc.). Otherwise,

an invalid mesh (that is, invalid for NIKE3D) may result, as shown in figure 16. In order to
avoid the type of meshing error shown in figure 16, the control dimensions for a given gear
geometry are determined from the flowchart shown in figure 17.

Rigid Airport Pevement
[MGRID dizplay

L

FIGURE 16. DETAIL OF INVALID SLAB MESH RESULTING FROM INCORRECTLY
CHOSEN PARAMETERS

The method for assigning nodal loads based on tributary areas requires that the entire gear
footprint be located within the regular fine mesh area, and that none of the wheels be located in
the transition area. The flowchart procedure (figure 17) results in a valid NIKE3D mesh for
arbitrarily configured aircraft gears and a fine mesh region that extends beyond the gear footprint
area by a minimum of 30 inches on all sides. The 30-inch overlap ensures that plots of computed
bending stress and deflection created using the mesh are visually smooth.

29



Data: X,Y,A¢,s,,s, Input Data Definitions:

X, Y Main Gear Dimensions (in.)
A,  Fine Mesh Element Side (in.)
S, §, Scale Factors

y
cO (X +30)/s,
el (Y/2+30)/s,

: 0 0

nO INT (c/38,) Y

mO INT (e/3a,) 0o 0 *

cO (n+3)BA,  leno ves» cO (n+2)34,

a0 6A, DaNT *2H 0
03 o H
d 0 6A, D@NTM%

O3

el (m+3)BA, leno ves» cO (n+2)mA,

b0 6A, D@NT RUACIENT
530 a0 1204,
f0 6, D@NTM% ch 8tA,
o3 » d'0 6D,

FIGURE 17. EOWCHART FOR COMPUTNG CONTRQ. DIMENSIONSIN AUTOMATIC
MESH GENERATON PROGRAM (EDGH.OAD)

NODAL MERGING.

Each of the lage two-dimensional areas created the divisions in fyure 15 constitutes a
separatd NGRID part. [3] Likewise, the three-dimensional mesh shown in figures 10 and 11
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consists of multiple three-dimensional parts. When injtialleated, these parts are disjoint
(unconnected). Prior toxecution of the finite element program the disjoint parts must be
merged via a process that eliminates redundant nodes. The nodes are megyeting a “part
tolerancing” instruction tolNGRID where the tolerance is the specified distance between
adjacent nodes inxeess of which the nodes will not be merged. The current model specifies a
tolerance of 0.01 inch. Since the assigned width of 3D joint elements is 1 inch, nodes opposing
each other across a slab joint will not merge. The horizontal plane coinciding with the sliding
interface between the slabyéa and the basear is assignea z-coordinate of zero.In order

that nodes on opposite sides of the sliding interface not merge during the part tolerancing
process, a “NOMERGE” instruction is issuedIMGRID for each defined slide surface. The
NOMERGE instruction applies onlto nodes on opposite sides of the sliding interface that
would otherwise meet the geometric merging criterion.

MODEL SCALING.

The default slab size for the automatic mesh generation program ig 25 feet. This size
conforms to the prelimingmodel specification. However, if the actual slab under consideration
has different dimensions, it is possible to scale the model to conform to the required dimensions.
The slab dimensions are entered in the program PreGrid in the Pavement Structure window
(figure 8), but the actual scaling of nodal coordinates is performed within the program ReGrid as
a modification of the intermediate mesh generatedN$SRID. The entered slab dimensions
define scale factors; ands, as ratios of the actual to the default slab size, i.e.,

s, =L,/300

s, =L,/300
where L, andLy are the entered slab dimensions inxtendy directions respectivg| in inches.
The scale factors, ands, are applied to thg andy nodal coordinates respectiyghllowing the

x ard y slab dimensions to be independenthried. Vertical nodal coordinates ¢oordinates)
are not affectedybthe scaling operation. Default values of bgthnds, are 1.0.

CRACKED-BASE OPTON.

High-stiffness base and subbasgela ma develop vertical cracks, particukagt joint locations.

In order to model this cracked-base condition, the automatic mesh generation program contains
an option for generating the mesh with a discongynimitthe base and subbasgdamesh. The
discontinuiy is located under the principal joint as shown in figure 18.

Selecting the “Cracked-Base” option in figure 8 suppresses nodal merging betyereh dand

layer 2 mesh parts located on opposite sides of the assumed crack line in figunsté8d, a

double row of nodes is created at the crack location (figure 19) and PreGrid inNGBRI® to

define a Ype 2 (sliding on)) sliding interface there. With theyppe 2 sliding interface, opposing
surfaces are maintained in contact, but shear forces are prevented from developing across the
interface.
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FIGURE 19. NODAL ARRANGEMENT FOR CRACKED-BASE OPTION
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WINKLER FOUNDATION OPTON.

Selecting the Winkler Foundation option in figure 8 replaceslibcretizel subgrag mes by a
numerical appmamation of the Winkler support condition. The Winkfeodd assumetha the

rigid slab is supported on a dense liquid foundation characterized rhodulus of subgrade
reaction k. The modulus of subgrade reaction has units of force per unit length per unit area and
represents a foundation spring stiffness associated with a unit area of the supported slab.

The Winkler foundation can also be conceptualized as a bed of vertical springs supporting the
bottom of the slab.In the finite element model, the Winkler foundation is appnated by
discrete springs as shown in figure 20. One end of the spring is connected to a foundation node
and the other end isxid on a horizontal plane. The spring constant is the product of the
assumd k value and the tributgrarea for the foundation node (figure 20). The finite element
model with a Winkler foundation differs from Westergaard’s idealization oflassipporté by

a dense liquid in that the baseda (and subbase, if present) are modeled using discrete three-
dimensional elements, and githe subgrade is representgdabospring foundation.

Tributary area

Load for node i
| [geesm 9 F o-

I
( Base > %/
\ Subbase
N a Ve
| = 7 —0 Y O—
Foundation Nodes —J

% 7. 7

Foundation Springs
() (b)

FIGURE 20. SCHEMATC OF WINKLER FOUNDATION SHOWNG (a) FOUNDATON
NODES AND SPRNGS AND (b) NODA. TRIBUTARY AREA

)
/

?7

NIKE3D supports the spring foundation concept.IKEBD material ype 17 (Foundation
Bounday Spring) is used in the current model to define a Winklpe-tspring mat foundation.
Material type 17 is not a true material but rather a matrix of spring constants defining a three-
dimensional spring. (The spring constants are given in appendix C.) Each designated foundation
node is associated with a single material definition. Since the spring constantseedydhe
number of required material definitions is equal to the number of designated foundation nodes
having distinct tributgr areas. The program ReGrid contains a routimeef@luatingthe
tributaly areas and determining the required number of mateypd L7 definitions and
associated spring constants order to avoid unnecesgarroliferation of material definitions,
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two designated foundation nodes are assigned the same foundation spring stiffnesses if their
tributary areas do not diffenjomore than 1.0 i

The Winkler Foundation option alwa results in a model with fewer equations to solve than the
equivalent model with a full discretized subgrade. However, because the Winkler model
involves discrete springs (the foundation springs), it is not possible to use the PCG solver to
solve the model in NNE3D. Models created using the Winkler Foundation optiontrbas
solved in NKE3D with the direct solver (sdanear Solvers). Selecting the Winkler Foundation
option in the automatic megeneration prgram automaticayl causes the ME3D direct solver
FISS_E to be invoked atx@cution time. If the Winkler Foundatim option is not selectedthen

the PCG solver is automaticalhvoked at gecution time.

SAMPLE ANITE ELEMENT RESUWTS

This section presents somgpical results from the three-dimensional finite elemeqgidri
pavement model. All of the solutions presented in the following section were computed on a
Silicon Graphics SGIndigo® work station with 128 meggtes of RAM and 4.5 gigate hard

disk storage capagit Solutions were computed in core mewyousing NKE3D’s
Preconditioned Conjugate Gradient (PCG) solver with block diagonal preconditioning. [2]
Graphical results were prepared using TAURUS, a postprocessing program devgidhed b
Lawrencd.ivermore NationalLaboratoy for use with NKE3D and DYNA3D.

ANALYSIS OF B-777 EDGE.OADING.

Edge loading of the siwheel B-777 main gear was aywd for the following case: 14-inch
PCC slab (25- ¥ 25-ft. slab dimensions), 8-inch stabilized base=(500,000 psi), and infinite
subgrade E = 15,000 psi). The pavement used in theyamalis summarized below in table 3.
The base lger was assumed continuous (no crack assumed). The load data is given in table 4.

TABLE 3. LAYER PROPERTES FOR B-777 AND B-727 EDGEOAD ANALYSES

Variable PCC Slab Basel ayer (Layer 1) Subgrade
Young's modulusE 4.0 psi 5.0 L0 psi 1.5010 psi
Poisson’s ratiqu 0.15 0.20 0.40
Thickness 14 in. 8in. N.A.
Cutoff depth N.A. N.A. 1500 in.
Joint stiffness 100,000 Ib./in./in. N.A. N.A.

TABLE 4. LOAD DATA FOR SAMA.LE HNITE ELEMENT ANALYSES

Percent of
Gross Waeiht, | Gross Waght on Number of Individual Wheel Contact
Aircraft Ibs. Main Gear Wheels in Gear Load, Ibs. Pressure, ps
B-777 680,000 95 6 53,833 215
B-727 172,000 95 2 40,850 160
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The finite element mesh for the B-777 problem was prepared using the automatic mesh
generation program described in the previous section. The mesh data are summarized in table 5.

TABLE 5. MESH DATA FOR B-777 EDGE LOAD PROBLEM

Number of Nodes 29,150
Number of Shell Elements 21,982
Number of Solid Elements 4,264
Number of Linear Equations 92,177
Number of Slide Surfaces 6

Run data are reported in appendix A as Test Run No. 30. The solution for this run was found
after six equilibrium iterations (i.e., six calls to the PCG solver), and the average number of
iterations required for convergence of the PCG phase was 1,450. Hence, the total number of
iterations in the solution (number of PCG calls times average iterations per PCG call) was 8,700.
Total solution time for this run (CPU plus system time) was 34,346 s (9.5 hours), of which 94.9
percent, or 32,609 s (9.1 hours), was spent in the linear equation solver.

Figure 21 shows the computed deflection basin for the B-777 load. In the figure, the six arrows
depict the locations of wheel loads for a B-777 landing gear, which is applied to one slab next to
the joint shown. Although the solution was computed assuming symmetry gz filane, the

full domain is shown in figure 21 for clarity. As expected, the maximum deflection occurs at the
edge of the loaded slab under the center wheel of the tridem arrangement. The maximum
deflection predicted by the model for this load case is 0.111 inch. The maximum deflection on
the unloaded slab is 0.108 inch. Hence the computed ratio of deflection on the unloaded side of
the joint to deflection on the loaded side of the jody (0, ) is 0.97.

For design purposes, the quantity of greatest interest is the maximum tensile stress occurring on
the bottom surface of the PCC slab. Figure 22 is a plot of the principal bending stress in the base
of the slab for the B-777 analysis. Distinct stress peaks corresponding to the individual wheels in
the gear can be observed clearly in the plot. The maximum principal stress for this case is 428.7
psi, which occurs under the center wheel closest to the edge. The plot confirms that peak stress
does not occur directly on the edge of the slab adjacent to the joint. Rather, it occurs at an offset
from the edge, in this case approximately 6 inches toward the center of the load patch. The
computed maximum stress on the edge, which is less than the peak stress, is 411.1 psi. The
maximum stress on the unloaded slab, which does occur at the edge, is 231.0 psi. The computed
ratio of maximum stress on the unloaded side of the joint to maximum stress on the loaded side
of the joint (0, /o, ) is 0.54.

The above stresses were computed by NIKE3D directly at integration points in the shell

elements. NIKE3D returns bending stresses at points on the bottom of the PCC slab directly,
based on the Lobatto integration scheme discussed above in the section “Element Types.”
NIKE3D also computes bending moment resultants for each shell element. The bending moment
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FIGURE 21. VERTICAL DEFLECTION OF PCC SLAB (B-777 EDGE LOAD)

resultants can be used to evaluate the stresses in each element at the extreme fibers in accordance
with thin plate theory

- X 4 X = + y

N, 6M & 6M
t

whereNy, N, are the normal resultantsl,, My are the bending moment resultants, amslthe

plate thickness. Normally, the element stresses computed from moment resultants will be close
to the stresses computed directly at the Lobatto integration points. However, they will not agree
exactly due to the fact that the NIKE3D shell element does not assume a linear variation of stress
through the shell thickness, as implied by the above plate bending equations. As an illustration,
the maximum bending stress on the bottom surface of the PCC slab computed from the moment
resultants is 434.3 psi, compared to 428.7 psi computed directly at the integration point
(a difference of 1.3 percent). Stress plots drawn by the TAURUS program (e.g., figure 22) are
based on the moment resultants.
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FIGURE 22. PRINCIPAL BENDING STRESS IN BOTTOM OF PCC SLAB
(B-777 EDGE LOAD)

For edge loading, the principal bending stress coincides with the stress in the direction parallel to
the joint (gy in this analysis). The bending stress normal to the joipti§ theoretically zero at

the edge of the slab, since the joints are not designed to transmit any moments. At points away
from the joint, 0k is not zero in general, so the principal stress has to be computed for those
points.

Figure 23 shows the distribution of principal strain in the bottom of the PCC slab. The
distribution is similar to that for principal stress (figure 22), but while the stress is fairly evenly
distributed among all six wheels, a greater distribution of strain to the three wheels along the slab
edge is noted. As is the case with the stress, the maximum principal strain does not occur
immediately at the slab edge but closer to the center of the wheel.

Figure 24 shows the distribution of vertical stress in the top of the subgrade layer. As expected,

the vertical stress is concentrated under the joint. Numerical results for the B-777 finite element
analysis are summarized in table 6.
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FIGURE 24. VERTICAL STRESS IN TOP OF SUBGRADE LAYER (B-777 EDGE LOAD)
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TABLE 6. SUMMARY OF RESULTS OF FINITE ELEMENT ANALYSIS

(B-777 EDGE LOAD)

Computed at Integration Pointd

Based on Moment Resultalnts

Maximum principal stress,

loaded slab (psi) 428.7 434.3

Maximum edge stress,

loaded slab (psi) 4111 423.6

Maximum edge stress,

unloaded slab (psi) 231.0 224.0

Maximum deflection,

loaded slab (in.) 0.111 0.111

Maximum deflection,

unloaded slab (in.) 0.108 0.108
g, /0, 0.54 0.52
S, /0, 0.97 0.97

In the above finite element analysis, only a small amount of separation was observed between the
slab and base layer on the unloaded side of the joint. This is due to the relatively high stiffness of
the joint Koine = 100,000 Ibs./in./in.). As the joint stiffness is decreased, the separation of the
slab and base layer increases. Figure 25 shows in detail the separation of the unloaded slab from
the base course for the cags: = 10,000 Ibs./in./in. The other properties are as given in table 3.

For greater clarity the vertical deflection has been exaggerated by a factor of 500 and the joint

elements are not shown.
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FIGURE 25. SLAB-BASE SEPARATION AT JOINT (B-777 EDGE LOAD)
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ANALYSIS OF B-727 EDGE.OADING.

A second numericalxample involves edge loading/ the dual-wheel B-727 main gear. The
pavement properties listed in table 3 were also used in the B-738ianhbad data are given in
table 4. The mesh data for the B-727 gsialare summarized in table 7.

TABLE 7. MESH DATA FOR B-727 EDGEOAD PROB_.EM

Number of Nodes 27,334
Number of Shell Elements 21,958
Number of Solid Elements 2,523
Number ofLinear Equations 83,301
Number of Slide Surfaces 6

Run data are reported in appendix A as Test Run No. 49. The solution for this run was found
after six equilibrium iterations (i.e., six calls to the PCG solver), and thegaveranber of
iterations required for convergence of the PCG phase was 1,176. Hence, the total number of
iterations in the solution (number of PCG calls times average iterations per PCG call) was 7,056.
Total solution time for this run (CPU plugssem time) was 24,990 s (6.9 hours), of which 92.5
percent, or 23,124 s (6.4 hours), was spent in the linear equation solver. TAURUS plots of
vertical deflection of the slab surface and principal bending stress in the bottom of the PCC slab
due to the B-727 load are presented in figures 26 and 27. Numerical results for the B-727 finite
element angkis are summarized in table 8.

TABLE 8. SUMMARY OF RESWTS OF ANITE ELEMENT ANALYSIS
(B-727 EDGELOAD)

Computed atntegration Points | Based on Moment Resultantg
Maximum principal
stress, loaded slab (psj) 400.7 405.2
Maximum edje stress,
Loaded slab (psi) 387.6 398.4
Maximum edje stress,
Unloaded slab (psi) 188.2 182.0
Maximum deflection,
Loaded slab (in.) 0.0386 0.111
Maximum deflection,
Unloaded slab (in.) 0.0358 0.108
9 /0L 0.47 0.45
S, /0, 0.93 0.97
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ANALYSIS OF B-77ANTERIOR LOADING.

A third numerical gample anajzes interior loading Yothe twin-tridem B-777 main gear. The
pavement properties listed in table 3 were also used in thgsendload data is given in table 4.
The mesh data for the B-777 interior ays&d are summarized in table 9.

TABLE 9. MESH DATA FOR B-77INTERIOR LOAD PROB.EM

Number of Nodes 10,408
Number of Shell Elments 1,998
Number of Solid Elenents 7,075
Number of Linear Equations 33,316
Number of Slide Surfaces 4

Run data are reported in appendix A as Test Run No. 21. The solution for this run was found
after six equilibrium iterations (i.e., six calls to the PCG solver), and thegaveranber of
iterations required for convergence of the PCG phase was 1,402. Hence, the total number of
iterations in the solution (number of PCG calls times average iterations per PCG call) was 8,412.
Total solution time for this run (CPU plugssem time) was 12,109 s (3.4 hours), of which 95.2
percent, or 11,534 s (3.2 hours), was spent in the linear equation solver. TAURUS plots of
vertical deflection of the slab surface and principal bending stress in the bottom of the PCC slab
due to the B-777 load are presented in figures 28 and 29. Numerical results for the B-777 finite
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FIGURE 28. VERTCAL DEAR_.ECTION OF PCC 8AB (B-777INTERIOR LOAD)
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FIGURE 29. PRNCIPAL BENDING STRES3N BOTTOM OF PCC 8§AB
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element angkis are summarized in table 10. Comparing table 10 with table 6, a significant
result is that the m@mum stress due to interior loadingceeds the mamum stress due to edge
loading for the B-777.

TABLE 10. SUMMARY OF RESUTS OF HNITE ELEMENT ANALYSIS
(B-777INTERIORLOAD)

Computed at Based on
Integration Points Moment Resultants
Maximum principal stress (psi) 493.6 492.8
Maximum stress ix-direction (psi) 493.6 492.8
Maximum stress iy-direction (psi) 388.3 388.0
Maximum deflection (in.) 0.100 0.100

MODEL SENSTIVITY ANALYSIS

IDENTIFICATION OF VARABLES FOR SENHI1VITY ANALYSIS.

The model sensitiwt analsis considered twoypes of variables.In the first catgory were
variables, such as the mesh degngitat affect the response of the numerical model, but do not
affect the response of the idealizedygibal ystem being angted. The second category
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contained variables, including pavement structural properties, which affect both the idealized
pavement response and the numerical solutioantples of the twoypes of variables are listed

in table 11.

TABLE 11. VARABLES AFFECTNG MODEL RESPONSE

Type 1 Variables

Type 2 Variables

2D Mesh Density

3D Mesh Density

Discretized Subgrade Cutoff Depth
Bounday Constraints

Interface PenaltScale Factor

Quantitative
Load Magnitude

Slab Thickness
BaselLayer Thickness
BaselLayer Modulus
Subgrade Modulus

Joint Stiffness

Qualitative

Load Geometry
Presence of Subbakeyer
Presence of Crack in Bakayer

In general, Ype 1 variables have a computational cost associated with them. x&aple,
increasig the sulgrade cutoff depth adds additionaléas of elements to the mesh, thereby
increasig the solution time. Theoal of the anaksis was therefore to identithe minimum
cutoff depth consistent with an accurate solution; i.e., a solution acgeialske to the
theoretical solution for an infinitgl deep su@rade. Similagy, higher mesh densities add
significantly to the numerical solution time, hence an effort was made to find the minimum mesh
densiy consistent with an accurate numerical solution.

Type 2 variables myaor mg not have a computational cost associated with them. However, the
goal of the anaisis was not to minimize the cost associated withel2 variables, but meyeto
quantify the dependence of the numerical solution on these variables. Using data from this
analsis, the sensitiwt of the finite element solution to a variable such aggsue elastic
modulus can be compared to the sensytigitother methods of solution (e.g.yésed elastic) to

the same variable. Thus, the data collected in the sensdival/sis phase of this project may
facilitate a more general comparison between computational methods.

BENCHMARK RESPONSE FOR ANAYSIS.

The response of a rigid pavement to a given static loading can be measured in a number of
different wgys. Possible benchmark responses are thenmouan deflection of the slab surface
under load, the compressive stress in the subbgses)ar the bending stress in the slab. For
design purposes the most useful measurement is tkienoma bending stress occurring at the
bottom of the slab. Therefore, the maximum (tensile) bgmstness in the extreme fibers of the

slab is used as the reference response for alysesalnd comparisons in this reposcept

where otherwise noted.
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EFFECT OF INE MESH DENSTY.

A series of test runs was performed to assess the influence of the 2D mesh aeribe
computed critical stress. Higher mesh densyietd more accurate numerical solutions, but
solution times and staga requirements increase rapgiaVith the number of elements. Taldl2
summarizes the test runsr f@BD mesh dengit Based on the results in table 12, aximaim
element side length of 2.083 inches in the fine mesh region was used gialdks ithe computed
critical stress with acceptable numerical accyEdess than 0.4%.

TABLE 12. EFFECT OFINITE ELEMENT MESH DENSTY (SLAB MESH)

Element Sidé_ength, in.| Number of 2D Elements| Run Time, hrs] Ciritical Stress, psi
4.167 343 0.5 94.450
2.778 510 0.9 95.906
2.083 781 1.1 97.218
1.667 1110 1.3 97.596

Layer Properties: Load:

14-in. PCC Slabk = 4,000,000 psi = 0.15 Single-Wheel oad (nteriorLoad)

No Baselayer Gross Weight = 30,000 Ibs.

Infinite SubgradeE = 15,000 psiy = 0.15 WheellLoad = 14,250 Ibs.

Tire Pressure = 75 psi

EFFECT OF SUBGRADE CUTOFF DEPTH.

The assumption that for design purposes the rigid pavement subgtedéseto infiniy presents

a special problem for the finite element as@é. While in theor the subgrade ye&r can be
extended to anarbitray (finite) depth in order to approximate the infinite case, in practice it is
desirable to limit the number of 3D elemenis rhinimizing the depth of the sgpade lger
included in the computational domain. The target cutoff depth is thus the minimum subgrade
layer depth for which the computed response is viguadjual to the response for the infinite
subgrade case. “Virtugllequal” means that wersmall errors, saless than one tenth of one
percent of the computed stress, are neglected.

The target cutoff depth was established for a range of igses tand pavement sections. The
procedure was to perform repeated finite element test runs in which the subgrade depth was
varied while all other angsis variables were held constant. The minimum subgrade cutoff depth

in the test runs was 300 inchds each series of test runs the cutoff depth was first increased to
420 inches then increased in subsequent rynsdoements of 360 inches until further increases

did notyield significant changes in the computed value of the critical stress. The final value thus
obtained was taken as the value for the infinite subgrade case.

Results of the test runs are shown in figure 30, and the properties for the test series are shown in

table 13. For each series of test runs, the normalized response was obfailiddifg the
computed stress for a particular runthe stress for the infinite subgrade case (i.e., the stress for
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the final run in the series). From figure 30 it is apparent that the load case (edge versus interior)
has a relatively minor influence on the required cutoff depth, while the effect of other factors,
such as the gear type and the subgrade modulus, is more significant. Comparing series D and E,
it is seen that the higher subgrade modulus results in the higher normalized stress, for the same
cutoff depth (cf. Series D and E). Likewise, the heavier aircraft gear produces the lower
normalized stress for the same cutoff depth (cf. Series A and C). It was also found that the
presence of a high-stiffness base layer did not significantly affect the cutoff depth (cf. series A
and B).
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FIGURE 30. COMPUTED CRITICAL STRESS (NORMALIZED) AS A FUNCTION OF
SUBGRADE CUTOFF DEPTH

TABLE 13. PROPERTIES FOR TEST SERIES IN FIGURE 30

Stabilized
Series Aircraft-GVW Load Case PCC Slab Base Subgrade
A SWL-30 Interior 14 inches none 15000 pdi
B SWL-30 Interior 14 inches 8 inches 15000 p$i
C B-777-680 Interior 14 inches none 15000 psi
D B-777-680 Edge 14 inches 8 inches 15000 dsi
E B-777-680 Interior 16 inches 8 inches 4500 pgi
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Of the five series shown in figure 30, the most critical case is Series E (B-777 load and
Esy = 4500 psi). Even for this worst case, it is seen that a subgrade cutoff depth of only
300 inches gives a value of critical stress in the slab that is greater than 97 percent of the assumed
infinite subgrade case. When the subgrade cutoff depth is increased to 1140 inches, the variation
from the infinite case is less than 0.1% for all the series. Based on these results, it is felt that a
basic cutoff depth of 1140 inches provides sufficient acgui@cthe model. Indeed, a smaller

cutoff depth, sa 720 inches could be justified for single-wheel aircraft loads based on figure 30.
Except as otherwise noted, all of the numerical results presented in this report are based on a
cutoff depth of 1500 inches, so the influence of the cutoff depth on the results presented below
can be considered negligible.

EFFECT OF BOUNDARY NODA CONSTRANTS.

The type of constraint imposed on the nodes along the slab edges can affect the computed
response. The simplest approach is to assume that the slab edges at the lobuhnelanodel

are free of constraints. This approach is consistent with the situation at the edge ofyafarnwa
example, where the slab edge is unconstrained and is free to rotate or translate. For a nine-slab
model intended to angle a larger continuouystem of jointed slabs, where the bourydairthe

model does not necessgrdorrespond to a free edge, additional constraints can be imposed at
the boundar edges to appsimate the partial constraints provideg joints in the plsical
pavement. Provided the bounga&dges are at a sufficient distance from the load, the difference

in computed stress between the case with unconstrained boundaries and the constrained boundary
case will be relativglismall.

In the current nine-slab model, the effect ofyiray the nodal constraints at the bourydamas
analzed ly comparing the results from two similar test runs. the first test run, all of the
slab edge nodes were unconstrained. The second test run was identical to thedpsthat
nodes on the slab along the edges+451 in. were subject to the rotational constrépt 0

(i.e., rotations about the-axis were suppressed)in both cases the edgesxat -451 in. and
x=451in. were unconstrained.Locations of the constrained nodes are shown in figure 31.
From a practical viewpoint, the no constraints case represents a lower bound, complete
suppression of rotation of an upper bound, and the partial constraint is proyicked joints.

A third run was planned in which vertical translation of the edge nodes was suppressed in
addition to thex-axis rotational degree of freedom. However, it was found that imposition of this
constraint caused numerical problems with respect to the sliding interface between the slab and
base. Specificall if vertical movement of the slab is suppressed, this leads to singolatite
stiffness matrix. Therefore, the full fiyicase was not examined.

Table 14 compares results for the two test cases. Computed peak stresses and deflections at the
load are compared, as well as moment reactions at the zeroed degrees of freedom. From table 14,
it is seen that the effect of the rotational edge constraint on computed critical stress is minor.
There is a reduction of 1.5 percent in the computed value of critical stress for the edge case and
no significant effect for the interior case.
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FIGURE 31. BOUNDARY CONSTRINTS FOR TEST PROBEM (EDGELOAD CASE)

TABLE 14. EDGE CONSTRINT COMPARSON

Test Case 1 Test Case 2
No Constraints Rotational Constraintg = 0)

Edge Interior Edge Interior
Maximum bendig stress, 428.6 493.6 422.3 493.6
bottom of slab (psi)
Maximum deflection 0.109 0.100 0.111 0.100
(inches)
Total bending moment 0 0 9.70 x 16 107 x 16
reaction (Ib.-in.)
Properties: Load: B-777, GVW = 680,000 Ibs.
14-in. PCC Slabk = 4,000,000 psi = 0.15 Wheeload = 53,833 Ibs.
8-in. BaseE = 500,000 psij = 0.20 Tire Pressure = 215 psi
Infinite Subgradek: = 15,000 psiy = 0.40
Joints:kisint = 100,000 Ibs./in./in.

JOINT STIFENESS ANDJOINT EFHCIENCY.

The efficieny of load transfer from the loaded to the unloaded slab is controlled in the 3D model
by adjustirg the elastic stiffneskin: assgned to the joint materiallncreasig the value ok;int

stiffens the joint and causes more of the response to be distributed to the unloaded slab, thereby
decreasing the critical stress in the loaded slab.

48



Two common and useful wa of reporting the load transfer efficignare as (1) the ratio of
maximum stress in the unloaded slab to maximum stress in the loadediglal) 6r (2) the

ratio of maimum vertical deflection of a point in the unloaded slab toximam vertical
deflection of a point in the loaded slal/d. ). Generaly, du/d is greater thawy/o; for a given

joint. Table 15 lists values &fint, ou/oL, du/d, and critical stress for the model where the load

is a B-777 main gear (680,000 Ibs. GVW) and the pavement section properties are as indicated in
table 15.

TABLE 15. EFFECT OBOINT STIFFNESSKint ON COMPUTED RESPONSE

Kioint, Critical Stress, | Number of CG
Ibs./in./in. au/op auld psi Calls
1x10 * * * 30
1x1d 0.45 0.90 445.6 21
5x 10 0.50 0.95 4355 11
7.5x 10 0.51 0.95 434.8 7
1x10 0.54 0.97 428.7 6
2x 10 0.61 0.98 412.2 4
Section Properties: *Process failed to converge after 30 CG cdlls
14-in. PCC SlabK = 4,000,000 psiu = 0.15)
8-in. Base, monolithicK = 500,000 psij = 0.20)
Infinite Subgradel = 15,000 psiy = 0.40)

One aspect of the data in table 15 that affects execution times for the model is that, as the joint
stiffness parameter is decreased, the number of calls to thegatengmadients within the
NIKE3D solvergoes up ginificantly. Hence the execution times for problems witlv lg,in: are
significantly higher than those for problems with hig... The explanation for this trend is that
when the joint stiffness is decreased the separation between theimt@ihtact) slab and base
layers increases; hence, ager number of iterations is needed to develop the final equilibrium
contact surface

EFFECT OF BASH AYER.

Most rigid airport pavements are constructed with a high-gquadise Iger under the PCC slab.

The effect of the stabilized base/déa on the pavement response is higtdmplex and not well
understood. The FAA design method based on the Westergaard solution assumes that the
stabilized base jer provides an increase in foundation support that is reflected in a lkigher
value. When a stabilizedyler is present, thk value used for design is the prolaklvalue at

the top of the stabilized yar, determined from figure 3-16 of AC 150/5320-6D. The “top of
subbase k” approach, although convenient, is theoreticalhsatisfactor. It attributes 100% of

the structural benefit from the stabilized base to higher foundation stiffness and fails to consider
other possible sources of structural benefit, f@aneple the connection between a stiffened base
layer and improved joint performance.
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TEST RUNS USING B-777 LOAD. Several series of test runs were performed to analyze the
effect of the stabilized subbase layer on the model response. In each series of runs the value of
the joint stiffness parametég,« was varied in the range 10,000-200,000 Ibs./in/in while the
other layer properties were unchanged. Results were analyzed for the following three series:

Series 1: 14-in. PCC slab directly on subgrade with no base.
Series 2: 14-in. PCC slab with 8" stabilized bd&se 600,000 psiy = 0.20) - monolithic.
Series 3: Same as series 2, except that the stabilized base is assumed cracked under the joint.

In the last test series, the crack was assumed to be vertical and parallel to the joint and running
directly beneath the joint. The crack extends through the whole depth of the base layer but does
not extend into the subgrade. Furthermore, the crack plane is modeled as a shear-free sliding
surface; i.e., no spring stiffness or frictional coefficient was assumed for the interface. In all
three series the loading aircraft was a B-777 with a gross vehicle weight of 680,000 Ibs. The
properties of the subgrade wéte 15,000 psi ang = 0.40.

The results of the analysis are shown in figures 32 through 35. In figure 32, the critical stress in
the bottom of the PCC slab is plotted as a functiok.@f for all three cases. The critical stress

is the maximum principal stress computed from moment resultants (see page 37). The joint
efficiencies, o, /o, and §,/d , are plotted as functions dein; in figures 33 and 34
respectively. The percentage of load transfer, plotted in figure 35 as a functiq,ofs
computed approximately as the ratio @f to (oy + o.), where the latter sum is assumed to
represent the stress for a hypothetical free edge.
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FIGURE 32. EFFECT OF STABILIZED BASE ON CRITICAL STRESS IN PCC SLAB
(B-777 EDGE LOAD)
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The results of the finite element test runs confirm that adding a thin, continuous base layer to the
structure reduces the critical stress below the case of no base. For edge loading, the amount of
stress reduction is substantially reduced when a crack is assumed, indicating that for the
uncracked case a large part of the benefit is attributable to additional load transfer in shear
through the base. Furthermore, the addition of a stabilized base layer, whether cracked or
uncracked, alters the relationship between the linear elastic joint stiffness and the load transfer
efficiency for a given loading.

Specific trends identified in figures 32 through 35 are as follows:

1. Critical stress, percent of load transtey/o, , and §, /9, all depend on the value of

kioint, With the strength of the dependence influenced by the type of base layer. In general,

a high-strength base layer causes the pavement response to be less sensitive to changes in
the value oksint, coOmpared to the case with no base layer. In addition, one effect of the
high stiffness base layer is to make the relationship betkggrand the load transfer

more linear.

2. For high values of the assumed joint stiffndégs:, the computed ratiag, /o, and
d, /9, (figures 33 and 34) for the joint over a cracked base approach those for the case
with no base. The ratios for the joint over a monolithic base are somewhat higher.

3. Similarly, for high values of the assumed joint stiffnlgss;, the computed load transfer
percentage (figure 35) for the joint over a cracked base approaches that for the case with
no base. The load transfer percentage for the joint over a monolithic base is higher.
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4. Figure 34 shows that for the cracked base layer, the computed deflecti@) fatiois

intermediate between the continuous base layer and no base layer. This is not the case for
the stress ratio, as shown in figure 33, where the model predicts higher valmgsopf

for the case with no base layer than for the case with a cracked base layer, for values of
Kioint @above about 25,000 Ibs./in./in. At very low valuek@fi, on the order of 10,000
Ibs./in./in., the situation is reversed, with the computed agtj@, higher for the

cracked base layer case than for the case with no base layer. The percent of load transfer
(figure 35) follows the pattern established by the stress ratio.

Detailed analysis of the finite element stress results shows that another effect of introducing the
crack in the base layer is to redistribute the stress under the wheels. Figure 36 shows two
distributions of bending stress at the bottom of the PCC slab, both computed for the B-777 main
gear and both with identical properties except that one has a cracked base layer. Each peak
corresponds to the stress under one of the wheels in the tridem. Not only are the ratios of the
local peaks different for the two cases, but for the cracked base layer, the global peak has shifted
from the center to the outside wheel. The joint stiffness assumed for figure 8gasL0,000
Ibs./in./in. For higher joint stiffnesses there is less stress redistribution due to the cracked base
than for lower joint stiffnesses.
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FIGURE 36. COMPARISON OF STRESS DISTRIBUTIONS ALONG SLAB EDGE FOR
CRACKED AND CONTINUOUS BASE LAYERS (B-777 LOADING)

TEST RUNS USING B-727 LOAD. A second set of test runs was performed in which a joint
over a continuous base layer was compared to a joint over a cracked base layer. In this set of test
runs, the pavement layer properties were based on the test runway at Denver International Airport
(DIA). The assumed layer properties are listed in appendix A (Layer, Properties Group H).
Loading was by a B-727 aircraft (136,500 Ibs. gross vehicle weight) oriented perpendicular to the
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joint. In the cracked base model, the frictionless crack extended through both the 8-inch-thick
cement-treated base (CTB) layer (1,200,000 psi) and the 12-inch-thick lime-stabilized subbase
layer (440,000 psi). Once again, it was found that both predicted critical stress and load transfer
are strongly affected by the assumed presence of a crack in the high-stiffness layers under the
joint. Figure 37 compares the computed critical stress in the bottom of the loaded slab as a
function ofkiein: for the two cases. Figure 38 compares the percent of load transfer as a function
of koint for the two cases (where, as for figure 35, the percent of load transfer is calculated
approximately by the method above). The computed load transfers from figure 38 are
significantly less than the comparable values computed in figure 35 for the B-777 loading.
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FIGURE 37. EFFECT OF BASE LAYER CRACKING ON CRITICAL STRESS IN PCC
SLAB (DIA TEST RUNWAY, B-727 LOAD)
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EFFECT OH.OAD GEOMETRY.

Load geometr, as well as load magnitude, can influence the computed respbmsgerticular,
the computed values of joint ratiag, /o, andd, /J, can be quite different for loads of the same

magnitude but with different numbers of wheels or wheel configurations. The effect of the wheel
configuration, independent of the total gear load, is reported in table 16.

TABLE 16. COMPUTED RESPONSES FOR VABUS AIRCRAFTLOADS

Maximum Stress, Bottom _ -
of PCC Slab Joint Efficiency

Load Unloaded | Deflection Ratio| Stress Ratio
Case Load Description Loaded Slab Slab dJ /5L Oy /UL

A B-777 (680,000 Ib. GVW) 428.7 231.0 0.97 0.54

B SWL (30,000 Ib. GVW) 114.8 45.6 0.90 0.40

C SWL (680,000 Ib. GVW) 2602.9 1026.6 0.90 0.39

D B-727 (172,000 Ib. GVW) 400.7 188.2 0.93 0.47

All load cases:

14-in. PCC E = 4,000,000 psit = 0.15); Slab Dimensions 25 x 25K, = 100,000 Ib./in./in.
8-in. Treated Base CoursE € 500,000 psip = 0.20)

Sulgrade E = 15,000 psiy = 0.40)

As shown Iy the data in table 16, botly, /o, and 4, /d, are significant} increased ¥ the

redistribution of the totajear load to six wheels instead of one (Case A to Case C). At the same
time, a linear increase in the load gnaude of the sigle-wheel load (SW) on the same load
patch (Case B to Case C) resultsyoinl a proportional increase in the stress response and no
significant change in the joint stress and deflection ratiosx@eceed for a linear elastigstem).

This numerical result supports thgplothesis that joint efficierycin the field is a function of the
loading gear characteristics as well as the joint properties.

MODEL VALIDATION

VALIDATION BY COMPARSON TO OTHER COMPUTATONAL METHODS.

One of the objectives in develogithe current finite element model was to ensure that its stress
predictions are generglicomparable with stress predictiong bther commonl used rigid
pavement design methods. The other standard methods are the Westergaard metlecednd la
elastic anajlsis. The Westergaard method is used to calculate design stresses for rigid pavements
in FAA Advisory Circular 150/5320-6D [13], and theykred elastic angdis method (as
implemented in the pgpam JULEA) is the basis of the EDFAA desgn standard. [9] The
purpose of the comparisons that follow is to demonstrate that the finite element numerical
solutions are reasonable in comparison with these methods, but it ispectesl that the three-
dimensional finite element model willxactly reproduce the results obtaineq Ieither
Westergaard angdis or lgered elastic angsis for a particular case. On the contrdroth
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TABLE 17. COMPARISON OF ANALYSIS METHODS

Computed Critical Stress, psi

(A) (B) ©) (D)

Finite Finite Element Linear Elastic
Interior Load Case Element w/Winkler Base Westergaard (JULEA)
SWL (30K GVW) No 97.2 100.8 102.1 96.9
Base
SWL (30K GVW) 93.7 97.6 92.6* 93.3
8-in. Treated Base
B-777 (680K GVW) 515.7 537.3 510.7 509.0
No Base
B-777 (680K GVW) 493.6 515.7 443.1* 490.0

8-in. Treated Base
* kincreased per figure 3-16 of AC 150/5320-6D to account for treated base

(A) (B) ©) (D)

Finite Finite Element Westergaard Linear Elastic
Edge Load Case Element W/Winkler Base (FAA) (LEDFAA)
SWL (30K GVW) 114.8 - 139.7* 157.4
8-in. Treated Base
B-727 (172K GVW) 434.7 - 523.9 567.7
No Base
B-727 (172K GVW) 400.7 - 456.0* 547.7
8-in. Treated Base
B-777 (680K GVW) 451.3 - 582.0 496.1
No Base
B-777 (680K GVW) 428.7 - 427.5* 477.6

8-in. Treated Base
All cases: 14-in. slatk = 4,000,000 psii = 0.15 (slab size 25 x 25 ft)
Subgrade = 15,000 psiK = 141.385 pci)
Kioint = 100,000 Ibs./in./in.
Treated Base: 8 in. thick = 500,000 psig = 0.20
* k increased per figure 3-16 of AC 150/5320-6D to account for treated base

Westergaard and LED employ numerous simplifications and assumptions that may cause their
solutions to diverge significantly from the more realistic three-dimensional finite element
analysis. This is particularly true for complex structures and loadings such as the B-777 edge
load case.

Table 17 compares critical stresses calculated for various pavement structures and loadings by
four methods. The first method (A) is the three-dimensional finite element model that is the
subject of this report. The second method (B) is the alternative three-dimensional finite element
model, in which the slab and base layers are discretized using linear finite elements, but the
discretized subgrade has been replaced with a Winkler-type spring mat foundation. Solutions for
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methods (A) and (B) were found using théKE3D program. The third method (C) is the
Westergaard method (for interior loads) and the Westergaard/FAA method (for edge loads) as
implemented in AC 150/5320-6D andpdained below. Westergaard stresses were obtained
from the Pickett and Rastress charts for interior and edge loading. [14] The fourth method (D)

is the lyered elastic method as implementsdtie progranLEDFAA. Stresses are computed

in LEDFAA using the Igered elastic progradULEA.

In the Westergaard method it is assumed that the slab is either infinite (interior load) or semi-
infinite (edge load) and that it is continuguslupported ¥ a dense liquid (Winkler) foundation.

The Winkler foundation is characterizey & single propery k, called the modulus of subgrade
reaction. The modulus of subgrade reaction is comynoglhted to the subgrade Young’s
moduls Esg by the following empirical correlation [1, 9]

E |:T).7788

|

s9

k = [
60

3l

Based on the above formula, equivalent value& wfere used in this report for Westergaard
stress calculations. The equivalent values used are listed in table 18.

TABLE 18. EQUVALENT MODULUS OF SUBGRADE REACION

Sulgrade Youly's Modulus Esg), psi Equivalent Modulus of Sulpade Reactiolk), pci
4500 55.3
15000 141.4
22500 193.9

Westergaard edge stress gsi yields a value of stress for the free edge cae.order to
account for the effects of load transfer, it is necgssareduce the free edge stregsab amount

equal to the stress distributed to the unloaded slab via load transfer devices. yAQirisdar
150/5320-6D specifies the percentage of load transfer as 25 percent. FAA critical edge stresses
in table 17 were obtained/lveducing the computed Westergaard free edge stye®s percent,

in accordance with the AdvispCircular.

The FAA design standard specifies that the modulus of subgrade mdastiould be increased

to account for the presence of a strengthened base. laThe amount of the increase is
determined ¥ figure 3-16 in AC 150/5320-6D. For the comparisons in table 17, figure 3-16 of
AC 150/5320-6D was used to determine the proper vdllkeiocases involving a treated base
layer, based on the equivalent subgridi®m table 18.

MODEL VALIDATION WITH INSTRUMENTED RUNWAY DATA.

As part of a major FAA-sponsored research project to collect in-service rigid pavement data, an
instrumented test pavement was constructed in a section ofywaiviae Denveinternational
Airport (DIA). A total of 460 sensors were installed to record in situ strains and deflections
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caused by commercial aircraft traffic. Operation of the test pavement began in 1996 and is
expected to last for 10 years. During that period the DIA will be the primary source of in situ
field data for comparison to pavement structural models. The collected data will be stored in a
database and made available to the public via the Internet.

An objective of the current project is to compare numerical predictions by the three-dimensional
pavement model with the response data collected by the DIA sensors for actual aircraft arrivals
and departures. To compare to the finite element model for a given arrival or departure record,
three types of information must be known:

1. Wheel path. The track of the aircraft can usually be determined fairly accurately by the
response of position strain gauges located near the beginning and end of the test runway
section.

2. Aircraft type. The aircraft type can be determined by computing the wheelbase from

sensor data.

3. Aircraft gross weight. The gross weight of the aircraft must be known from independent
sources. In some cases the gross weights of departing aircraft are known from airline
schedules.

PEAK STRAIN COMPARISONS. Initially, strain recorded at the Denver International Airport
(DIA) site was compared to strain predicted by the three-dimensional computational model using
properties appropriate for the DIA test pavement (table 19).

TABLE 19. DENVER INTERNATIONAL AIRPORT TEST RUNWAY—
PROPERTIES FOR FINITE ELEMENT ANALYSIS

Property Value Source
PCC Slab:
Young's ModulusE 4,410,000 psi Laboratory Test (6 in. PCC corf)
Poisson’s Ratiqu 0.22 Laboratory Test (6 in. PCC corq)
8-in. Cement-Treated Base (CTB):
Young's ModulusE 1,200,000 psi HWD Analysis
Poisson’s Ratiqu 0.20 Assumed for HWD
12-in. Lime-Stabilized Subbase:
Young's ModulusE 440,000 psi HWD Analysis
Poisson’s Ratiqu 0.25 Assumed for HWD
Silty-Clay Subgrade:
Young's ModulusE 15,000 psi Lab. Resilient Modulus @yl
Poisson’s Ratiqu 0.40 Assumed
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To compare the computed strains to the measured strains, the following steps were used:

1.

An aircraft departure record was identified for which the above three types of information
could be determined.

Based on position gauge response data, the approximate track of the aircraft was
determined. Then the track of the aircraft was plotted on a map showing the locations of
H-Bar strain gauges in the slabs (figure 39). From this plot the approximate offset from
the gauges to the wheel centerline could be scaled.

For the departure record under consideration, up to ten H-bar strain gauge responses with
the highest signal-to-noise ratio were identified. The signals were analyzed automatically
using a filtering program. Each of the selected strain gauges was categorized as an edge
or an interior gauge and as a top or bottom gauge (near the top or bottom of the PCC
slab).

Edge and interior finite element analyses were performed using the known gross weight
of the aircraft from airline schedules. Analyses were performed using the estimated
properties for the DIA pavement shown in table 19. As shown in figure 39, the slab
dimensions for the DIA test pavement are 20 by 18.75 feet. For edge load analyses, the
orientation of the gear was determined by the type of joint. For transverse joints, the
orientation of the gear was perpendicular to the joint. For longitudinal joints, a parallel
orientation was used.

From the finite element analyses performed in step 4, the distributions of principal strain
were computed in the slab on a plane corresponding to the depth of embedment of the H-
bar strain gauges. (The depth of embedment of each gauge is known from measurements
made at the time of construction. Generally, gauges at the bottom of slabs were placed
such that the center of the gauge is located 1 inch from the plane of the bottom of the
slab.) Contour plots of computed principal strain in the slab were produced.

Using the offsets from the wheel path centerline calculated in step 2, the strain gauges

were superimposed on the contour plots produced in step 5. In drawing the strain gauges
to scale, it was assumed that they are 6 inches long. The interpolated strain values at each
end of the gauge then provided a range of computed strains to be compared with the peak
value measured by the strain gauge.

59



N 61275 l N 6|1295 2 N 6|1315 3 N 6|1335 4 N 6|1355

E 86125 — [
A ]

E 86143.75 — -—----nl LEGEND

= o POSITION STRAIN GAGE
(vertical in PCC slab)

B :[ WES H-BAR STRAIN GAGE
(bottom of PCC slab)
I ]:I WES H-BAR STRAIN GAGE
E 86162.5 — = (top/bottom of PCC slab)

;:[< WES H-BAR STRAIN GAGE
(bonded in top of CTB)

o

C Path of B-777 WES H-BAR STRAIN GAGE
(File No. 01016340)d96) I (vertical in PCC slab)
. . NOTE: VALUES IN () REPRESENT:
25%2 i) I :E%Z T=TOP OF SLAB
2 = . = N B=BOTTOM OF SLAB
E 86181.25 ==fF===—= :‘éﬁ--—— ————— == 1= —H55() - | -—‘:Egg'———— I CTB=TOP OF CEMENT BASE
ap12 H58(B) ~1 HO8(B) 1y 2y V=VERTICAL CENTER SLAB
S IO RSN || S IS SUUNRN N e ___af
d = =i G D T T oL e
il | i ST _JH%I()B') ______ T[T T Il§—H21(B) 282 75(8)
—_lgreymy— 2 HSEIT S b ——- ) S - - — i HaS(TY
<20(8) F X H77(B) R H26(B)
Path of B-727
E 86200 . (File|No. DEN03) e
RUNWAY 34R-16L ¢ 7

FIGURE 39. STRAIN GAUGE LAYOUT AT DIA TEST RUNWAY

An example of a contour plot of computed strain, with H-bar strain gauges superimposed on it
for comparison, is shown in figure 40. The aircraft is a B-777 (data file no. 05617181.d96).
Because of current FAA interest in the Boeing B-777, it was decided that some of the initial
comparisons would involve that model. To date, only a few comparisons have been made for the
B-777 due to the limited availability of aircraft gross weight data. In general, the comparisons
made so far indicate good agreement between the recorded and predicted pavement responses.
Comparisons also were made for the FAA’'s B-727 test aircraft, and these likewise indicated
good agreement. Table 20 summarizes the peak strain comparisons made to date for B-727 and
B-777 aircraft. Table 20 includes strains computed assuming both cracked and continuous base
layers, with the assumed joint stiffndgs, equal to 100,000 Ibs./in./in. in all cases. All of the
gauges listed in table 20 are located near the slab bottom. Although data file 01016340.d96 in
particular indicates some significant discrepancies between measured and predicted values, the
discrepancies could be caused by uncertainty as to the exact track of the aircraft gear. (Although
the gear was assumed to track straight along the longitudinal joint as shown in figure 39, there
may have been some wander.)
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FIGURE 40. DENVER INTERNATIONAL AIRPORT TEST RUNWAY—CONTOURS OF
COMPUTED STRAIN IN PCC SLAB AT 1-INCH EMBEDMENT DEPTH (B-777 EDGE LOAD)

TABLE 20. DENVER INTERNATIONAL AIRPORT TEST RUNWAY—STRAIN DUE TO
AIRCRAFT LOAD AS RECORDED IN SITU AND AS PREDICTED BY THE THREE-
DIMENSIONAL FINITE ELEMENT MODEL

Peak Strain, Predicted Strain Range, Microstrains
Data File (Aircraft/ Edge or Microstrains (3D Finite Element Model)
Gross Weight) Sensor| Interior. (Sensor Reading) Base Cracked Base Continuoud
HBO5 E 21.89 26.1—33.6 21.0-25.8
HB21 E 12.99 20.0-23.2 19.1-19.8
DENO3 HB25 E 22.44 36.3-38.6 31.4-33.1
13&38&:)23%3 ) HB26 E 19.51 36.3-38.6 31.4-33.1
‘ ' HB29 E 10.39 36.3-38.6 31.4-33.1
HB66 | 14.96 - 29.9-30.3
HB77 | 15.88 - 28.7-29.2
05617181.d96 HBO5 E 32.11 28.4-32.6 22.8-27.6
B-7771 HB23 E 32.59 28.4-32.6 22.8-27.6
371,4241bs.) M pgog E 3053 24.8 — 25.0 20.2 - 20.3
01016340.d96 HBO08 E 15.93 - 40.3-41.3
(B-7771 HB58 E 17.41 - 40.3-41.3
428,351 Ibs.) - - - -
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Two additional comparisons were made for the strain distributions in the PCC slab and the
deflections at the joint. For strain distribution comparisons it was assumed that the time history
of strain provided by the dynamic sensor is approximately analogous to the static distribution of
strain in the PCC slab. Thus, by knowing the vehicle speed, the shape of the strain gauge record
can be compared to the computed static distribution of strain obtained from the 3D finite element
model. However, the assumption that the influence of a moving load on strain at a point is
similar to the static strain distribution is theoretically valid only for continuous, linear elastic
pavements where the dynamic effects are not dominant. For rigid pavements, where the slabs are
separated by non-moment-resisting joints, the dynamic record of strain would not necessarily
give a true picture of the static strain distribution. In addition, such phenomena as gapping under
the slab, slab uplift ahead of the load, and asymmetric joint response could affect the dynamic
strain and cause it to depart from the predicted static distribution.

STRAIN DISTRIBUTION COMPARISONS. Figures 41 and 42 compare the computed static
distribution of strain along the longitudinal loaded slab edge to the strain recorded at H-bar strain
gauges HB08 and HB58, respectively, for data file 01016340.d96 (see figure 39). The computer
plot of strain is presented for the case where all layers are assumed monolithic (continuous under
the joint). The figures were produced by multiplying the time scale of the dynamic gauges by the
vehicle speed evaluated as the gear crosses the gauge to obtain the equivalent distance scale. All
strains have been normalized to the peak strain at the center wheel. From figures 41 and 42, the
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FIGURE 41. DISTRIBUTION OF STRAIN AS COMPUTED BY FINITE ELEMENT MODEL
AND AS RECORDED AT STRAIN GAUGE HBO08 (B-777 EDGE LOAD)
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FIGURE 42. DISTRIBUTION OF STRAIN AS COMPUTED BY THREE-DIMENSIONAL

FINITE ELEMENT MODEL AND AS RECORDED AT STRAIN GAUGE HB58 (B-777

EDGE LOAD)

similarities and differences between measured and computed distributions of strain may be
summarized as follows:

1.

Both the finite element model and the recorded data show three distinct strain peaks
corresponding to the three wheels in the B-777 tridem.

In neither the finite element solution nor the recorded data is there significant strain
reversal observed between the peaks.

Both strain gauges, HB08 and HB58, indicate that the maximum peak is under the
leading wheel in the tridem; whereas, the finite element model predicts the maximum

strain under the center wheel.

Strain gauges record significant strain reversal before and after the event. This

phenomenon is not reproduced by the static finite element model.

The finite element model predicts a smaller peak-to-trough ratio than the strain gauge
data.

SLAB DEFLECTION COMPARISONS. Slab deflections computed by the finite element

method can be compared to measurements of the linear variable differential transformers
(LVDT’s) installed in the DIA test pavement. The locations of LVDT'’s are shown in figure 43.
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FIGURE 43. SINGLE- AND MULTIPLE-DEPTH DEFLECTOMETER LOCATIONS
AT DIA TEST RUNWAY

Two types of gauges are used: single-depth deflectometers (SDD) contain one LVDT located at
mid-depth of the PCC slab, and multiple-depth deflectometers (MDD) contain four LVDT's, one
of which is located at mid-depth of the PCC slab. Deflection gauges are anchored at either 10 or
20 feet below grade as indicated in figure 43.

Figure 44 shows deflection gauge readings for gauges SDD17 and MDD6 (Gauge 1), located at
mid-depth of the PCC slab, on opposite sides of a transverse joint as shown in figure 43. The
loading aircraft is a Boeing B-727 (file DENO3) whose track is also shown in figure 43. Since
gauges SDD17 and MDD6 are situated on opposite sides of the joint, they can be used to
evaluate the in situ performance of the joint. Joint efficiency (i.e., the ratio of deflection of the
unloaded slab edge to deflection of the loaded slab edge) is computed from the curves in
figure 44 as the ratio df to A in the forward direction, or & to D in the backward direction.

The measurements andA are the measured responses of gauge MDD6 on the unloaded slab
and gauge SDD17 on the loaded, respectively, at the time before the wheel was moving across
the joint. Similarly, the measureme®@s&ndD represent the measured responses after the wheel
had gone over the joint.

Table 21 compares the gauge deflections from figure 44 to the equivalent computed slab

deflections from the finite element model. Gauge readings for both the loaded and unloaded side
of the transverse joint are reported, and the deflection ratio for the transverse joint is computed
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FIGURE 44. DENVERNTERNATIONAL AIRPORT TEST PAVEMENT—RECORDED
SLAB DEFLECTIONS ON OPPONE SDES OF A TRANSVERSHEOINT (B-727LOAD)

TABLE 21. $AB DEFLECTIONS AS MEASURED BYLVDT GAUGES AND AS
PREDOCTED BY THE THREE-DMENSIONAL FINITE ELEMENT MODEL

Measured(VDT) Predicted (3D Finite Element)
Forward Backward Base Cracked| Base Continuous
D‘Egg‘;i%”s(:gg’ 0.00624 0.00567 0.02111 0.01988
?ﬁfl'g;g‘ég (Fl,.rlla)b 0.00472 0.00469 0.01991 0.01933
JOi”tdf‘;ﬁa‘iie”Cy 0.76 0.83 0.94 0.97

for both the forward and reverse directions. Computed values of slab deflection are given
for both the cracked and uncracked (continuous) base lander the joint. For both cases

(base lger cracked and basey&x continuous) the value of joint stiffness useds Kgn: =

100,000 Ibs./in./in.In contrast to the case with strain, where the recorded values were close to
the computed values, the computed values of slab deflection are significeyhtér than the

gauge readings. This discrepgns possiby explained ly the fact that both MDD and SDD
displacement gauges are anchored at 10 or 20 feet as noted above. At this depth it is reasonable
to assume that there is significant movement of the anchorage, which would have the effect of
reducing the recorded deflections below their absolute values. Therefore, the gauge readings
should probalyl be adjusted upward to account for estimated anchorage movement.

MODEL VALIDATION WITH FULL-SCALE AIRPORT PAVEMENT TEST MCHINE.

Three-dimensional finite element model predictions will be validatedywdata from the full-
scale airport pavement test machine curyentider construction at the Willialh Hughes
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Technical Center, Atlantic City International Airport, New Jersey. Initially, the test machine will
have nine test items of which three will be rigid pavement test items. During the first year of test
machine operation, two series of tests will be conducted. Response tests will measure the
pavement response to static and moving loads, while traffic tests will measure the number of load
repetitions required to cause failure of the test items under controlled conditions. For purposes of
finite element model validation, the response tests are of greatest interest. Table 22 lists input
data required for each rigid pavement test item constructed for validation of the three-
dimensional model.

TABLE 22. AIRPORT PAVEMENT TEST MACHINE INPUT DATA FOR THREE-
DIMENSIONAL MODEL VALIDATION

Data Description Test, Procedure, or Standard
PCC Slab:
Slab Thickness Nominal
Young’'s ModulusE ASTM C-649
Poisson’s Ratiqu Standard value 0.15

Treated Base Layer:

Layer Thickness Nominal
Young's ModulusE Core Sample
Poisson’s Ratiqu Core Sample

Unbound Aggregate Base Layer:

Layer Thickness Nominal
Young’'s ModulusE Resilient Modulus Test (AASHTO T-294-94)
Poisson’s Ratiqu Standard Value 0.35

Subgrade
Young's ModulusE Resilient Modulus Test (AASHTO T-294-94)
Poisson’s Ratiqu Standard value 0.40

Joints (Longitudinal)
Load Transfer Efficiency (LTE) Falling Weight Deflectometer

Joints (Transverse)
Load Transfer Efficiency (LTE) Falling Weight Deflectometer

The model will be validated by comparing model predictions of strains, deflections, and joint
efficiencies with the corresponding measurements from the in-service test item during response
tests. Strains will be used for the comparison rather than stresses since strains, unlike stresses,
are a directly measured quantity. In order to obtain a valid comparison, the following quantities,
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at a minimum, should be recorde@ Instrumentation in the rigid pavement test items:
horizontal strain in the top and bottom of the slab at critical locations, vertical deflection of the
center plane of the slab at critical locations, vertical deflection of the top of the besatla

critical locations, and differential movement between adjacent slabs (joint deflections). The
critical locations for strain measurement are adjacent to the longitudinal and transverse joints and
at the center of loaded slabs. Strain gauges located in the interiors of slabs should be oriented in
both principal directions, while a gjie straingauge oriented parallel to the joint is sufficient at

slab edges. For deflection measurements the critical locations are the slab edges and corners.
Where possible, multiple-depth deflectometers (MDD’s) should be placed in pairs on opposite
sides of a joint, in order to observe the relative slab movemdwint displacement gauges
should also be placed strategigdtir measurement of differential joint movement.

SUMMARY AND CONCLUSION

A three-dimensional finite element model for linear elastic, staticysisabf rigid airport
pavements was developed and implemented. The model has the following features:

Multiple slabs of variable dimensions.

Multiple elastic lgers.

Linear elastic joints.

Sliding and separation between the PCC slab and haese la
Explicit modelirg of individual wheels in multiple-wheel aircrajears.
Edge or interior aircraft loading.

Base lger crack modeling under joints.

NoghrwbdpE

The finite element model empl® a combination of shell and solid elements. Four-node shell
elements are used for the PCC slab and eight-node solid elements for other pavement
components, including the subgrade. The infinite subgrade is modeled as a discretized solid with
a fixed base. An angis of possible alternatives to this subgrade model was conducted
considering boundgirelement/finite elementybrids, infinite element formulations, and various
compliant foundation models. Based on this ig] it was concluded that the discretized
sulgrade model was the easiest to implement with available software but that the compliant
foundation approach promised consideralylecation time savings. The final developed model
provides a Winkler Foundation option that allows a spring foundation to be subistdutbe

default discretized subgradeyéa.

Sample numerical computations were performed using the public domain probf&3Nwith

a Preconditioned Conjugate Gradient (PCG) linear equation solver. Computations were
performed on a SIAndigd UNIX-based workstation. ypical problem solution times on the
workstation were in the range of 1 to 36 hours, depending on the size of the problem and on other
factors, includig the assumed joint stiffness. A drawback of tHEEBD pragram is that in its

current version it does not allow spring foundation models to be sokesptely the direct
(Gaussian) solver, which is more time consuming for large problems.
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Three-dimensional finite element meshes were generated by computer using automatic mesh
generation software specially developed for that purpose. The automatic mesh generation
program incorporates the public-domain program INGRID as a meshing engine. Using the mesh
generation program, finite element meshes for NIKE3D can be produced rapidly for any
combination of rigid pavement properties and aircraft loadings. Aircraft gear properties may be
taken from an existing library of standard gears and modified as required.

A sensitivity analysis was conducted to identify variables affecting the model response and to
refine the mesh. Some of the conclusions of the sensitivity analysis are as follows:

1. A mesh density of approximately 2 by 2 inches for shell elements in the load region is
sufficient for the desired accuracy.

2. A discretized subgrade cutoff depth of 1,140 inches is sufficient to simulate the infinite
subgrade condition. A smaller cutoff depth may be justifiable for some load types. A
smaller cutoff depth is desirable since fewer elements translate into shorter run times.
The minimum cutoff depth is not significantly affected whether by the load case is
interior or edge loading.

3. The computed load transfer is affected by a number of input variables including aircraft
gear geometry, elastic joint stiffness, the presence or absence of a high-stiffness base
layer, and the presence or absence of a crack in the base layer at the joint location. The
percentage of load transfer is not significantly affected by the load magnitude when load
magnitude is considered independently of the wheel geometry.

4. Computed load transfer for multiple-wheel gears was higher than for single-wheel gears.
For the B-777 gear, the computed load transfer was higher than the 25 percent assumed
by the FAA standard.

5. A high-stiffness base layer has the effect of making the critical stress response less
sensitive to changes in the joint stiffness.

6. Introducing a crack in the base layer under the joint, in addition to increasing the critical
response, may influence the distribution of stress in the PCC slab.

Numerical solutions obtained using the three-dimensional finite element model were compared
to other solutions found using the Westergaard-based FAA design method and the LEDFAA
method (layered elastic analysis). Comparisons were made for various load types and bases. The
point of comparison in all cases was the maximum tensile stress in the bottom of the PCC slab.
The finite element solutions were found to be in reasonable agreement with the standard methods
for the cases studied. In most cases, the critical edge stress predicted by the three-dimensional
finite element model was less than the corresponding FAA edge stress when a linear elastic joint
stiffness of 100,000 Ibs./in. per linear inch of joint was assumed for the finite element model.
Comparisons were also made between the finite element model and gauge readings from the DIA
instrumented runway project. Peak strains, strain distributions, and slab deflections due to
aircraft loading were compared. Peak values of strain recorded at several gauges were found to
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be within the rage of strains predictedybthe three-dimensional finite element model for the
DIA runway properties and loadings.

It is expected that additional validation of the model performance will come from the National
Airport Pavement Test Machine currgntinder construction at the Williadh Hughes Technical
Center.

In conclusion, the three-dimensional finite element method provides a practical method of
computing rigid pavement stresses due to aircraft loading, taking into account such factors as
multiple-wheel interaction, finite slab size, multiplga construction, and variable joint
stiffness.
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APPENDX A—SUMMARY OF TEST RUN DATA

TABLE A-1. INPUT DATA AND RUN TIMES

Load Pavement No. of Run
Weight, | Load | Prop. | Cutoff Kioint, Linear | Time,
No. | Aircraft | Ibs[10® | Case| Group | Depth, in.| Ibs./infin | Equations| hrs. | Notes
1 SWL 30 Int. A 300 100,000| 21,614 0.8
2 SWL 30 Int. A 420 100,000| 22,174 0.9
3 B-777 680 | Edge| B 2220 100,000| 104,609 | 8.5
4 SWL 30 Int. A 780 100,000| 23,854 1.0
5 SWL 30 Int. A 1140 100,000 25,534 1.1
6 SWL 30 Int. B 300 100,000| 21,614 1.0
7 SWL 30 Int. B 420 100,000| 22,174 1.6
8 SWL 30 Int. B 780 100,000| 23,854 2.3
9 B-777 680 | Edge| B 300 100,000 71,457 6.5
10 | SWL 30 Int. B 1140 100,000| 25,534 2.7
11 | B-777 680 Int. A 300 100,000 27,716 1.4
12 | B-777 680 Int. A 420 100,000| 28,276 1.5
13 | SWL 30 Int. A 1140 100,000| 23,218 0.5 1
14 | B-777 680 | Edge| B 420 100,000| 73,529 7.1
15 | B-777 680 Int. A 780 100,000 29,956 1.9
16 | B-777 680 Int. A 1140 100,000| 31,636 1.7
17 | B-777 680 Int. A 1500 100,000| 33,316 1.8
18 | SWL 30 Int. A 1140 100,000| 24,115 0.9 2
19 | B-777 680 | Edge| B 780 100,000| 79,745 8.4
20 | SWL 30 Int. A 1140 100,000| 27,243 1.3 3
21 | B-777 680 Int. B 1500 100,000| 33,316 3.4
22 | B-777 680 Int. C - 100,000| 15,868 0.6 4
23 | B-777 680 Int. D - 100,000| 15,868 1.1 4
24 | B-777 680 | Edge| B 1140 100,000| 85,961 9.4
25 | SWL 30 Int. D - 100,000| 9,766 0.3 4
26 | SWL 30 Int. C - 100,000| 9,766 0.2 4
27 | B-777 680 | Edge| A 1500 100,000| 92,177 | 18.6
28 | B-777 680 | Edge| B 1500 100,000| 92,177 6.9 5
29 | B-777 680 Int. B 1500 100,000| 33,316 3.4 5
30 | B-777 680 | Edge| B 1500 100,000| 92,177 9.5
31 | SWL 30 Edge B 1500 100,000| 81,489 | 11.8
32 | SWL 680 | Edge B 1500 100,000| 81,849 | 12.8 6
33 | B-777 680 | Edge| B 1500 1,000 92,177 | 77.8 7
34 | B-777 680 | Edge| B 1500 10,000 | 92,177 | 36.9
35 | B-777 680 | Edge| B 1500 50,000 | 92,177 | 15.9
36 | B-777 680 | Edge| B 1500 | 200,000 92,177 7.1
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TABLE A-1. INPUT DATA AND RUN TIMES (CONTINUED)

Load Pavement No. of Rur
Weight, | Load | Prop. | Cutoff Kioint, Linear | Time,
No. | Aircraft | Ibs[10® | Case| Group | Depth, in.| Ibs./infin | Equations| hrs. Notes
37 | B-777 680 | Edge B 1500 75,000 92,177 10.8
38 | B-777 680 | Edge B 1500 10,000 92,458 23.3 8
39 | B-777 680 | Edge B 1500 100,000 92,458 9l4 8
40 | B-777 680 Int. E 300 100,000 27,716 3.4
41 | B-777 680 Int. E 420 100,000 28,276 4.8
42 | B-777 680 | Edge B 1500 50,000 92,458 10.8 8
43 | B-777 680 | Edge B 1500 200,000 92,458 9|5 8
44 | B-777 680 Int. E 780 100,000 29,956 5.6
45 | B-777 680 | Edge A 1500 50,000 92,177 35.0
46 | B-777 680 Int. E 1500 100,000 33,316 6.6
47 | B-777 680 | Edge A 1500 10,000 92,177 32.3
48 | B-777 680 | Edge A 1500 200,000 92,177 11.0
49 | B-727 172 | Edge B 1500 100,000 83,301 6|8
50 | B-727 172 | Edge A 1500 100,000 83,301 9J2
51 | B-777 680 Int. E 1140 100,000 31,634 6.1
52 SWL 30 Int. A 1500 100,00( 27,214 1.1
53 SWL 30 Int. B 1500 100,000 27,214 2.9
54 | B-777 680 | Edge B 1860 100,000 98,398 8|0
55 SWL 30 Int. B 1860 100,000 28,994 2.4
56 | B-777 680 Int. A 1860 100,000 34,996 1.9
57 | B-777 680 | Edge E 1500 100,000 92,17y 17.6
58 | B-777 680 Int. E 1860 100,000 34,996 6.9
59 | B-777 680 Int. F 2220 100,000 36,674 6.2
60 | B-777 680 Int. E 2220 100,000 36,674 7.2
61 | B-777 680 Int. G - 100,000 15,868 1.1 4
62 | B-777 680 Int. E 2580 100,000 38,356 7.5
63 | B-777 680 | Edge B 300 100,000 71,457 68.1 9
64 B-727 136.5| Edge H 1500 100,000 95,27\ 10.3 10,1
65 | B-727 | 136.5| Edge H 1500 10,00D 95,27V 10.9 10,11
66 | B-727 | 136.5| Edge H 1500 50,000 95,27V 10.6 10,11
67 B-727 136.5| Edge H 1500 200,000 95,27\ 10.4 10,1
68 | B-727 | 136.5| Edge H 1500 100,000 98,16 16.6 8,1(,11
69 | B-727 | 136.5| Edge H 1500 10,00D 98,16V 26.6 8,1(0,11
70 | B-727 | 136.5| Edge H 1500 50,000 98,16V 15.3 8,10,11
71 | B-727 | 136.5| Edge H 1500 200,000 98,16 13.3 8,1(4,11
72 | B-727 | 136.5| Int. [ 1500 100,00D 34,279 3. 10
73 B-777 371.4| Edge I 1140 100,000 106,698 19.0 10,1f,12
74 B-777 371.4| Edge I 1140 100,000 106,545 17.2 10,01
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TABLE A-1. INPUT DATA AND RUN TIMES (CONTINUED)

Load Pavement No. of Rur
Weight,| Load | Prop. | Cutoff Kioints Linear | Time,
No. | Aircraft | Ibs[10® | Case| Group | Depth, in.| Ibs./in/in| Equations| hrs. Notes
75 | B-777 | 371.4| Edge I 1140 100,000 107,062 16.2 8,1(,11
76 | B-777 | 428.4| Edge I 1500 100,000 100,041 17.5 2,10
77 | B-777 | 428.4| Edge I 1500 100,000 100,588 15%.9 2,8{10
78 | B-777 | 428.4| Edge I 1500 100,000 100,041 16.7 2,14,13
TABLE A-2. SUMMARY OF COMPUTED RESPONSES
Maximum Bending Stress, Bottom of PCC Slab (psi) Slab Deflection {in.)
Loaded Slab Unloaded Slab Loaded Unloagled
No. IP MR IP MR Slab Slab
1 96.875 96.610 N.A. N.A. 0.00555 N.A.
2 97.093 96.824 N.A. N.A. 0.00587 N.A.
3 424.666 429.791 243.937 237.652 0.17043 0.16828
4 97.203 96.935 N.A. N.A. 0.006249 N.A.
5 97.218 96.950 N.A. N.A. 0.00643 N.A.
6 93.309 93.020 N.A. N.A. 0.00527 N.A.
7 93.535 93.252 N.A. N.A. 0.0056( N.A.
8 93.654 93.374 N.A. N.A. 0.00601 N.A.
9 423.181 428.657 223.655 216.334 0.08921 0.08614
10 93.664 93.386 N.A. N.A. 0.00616 N.A.
11 508.505 507.983 N.A. N.A. 0.0835y N.A.
12 512.829 512.276 N.A. N.A. 0.09055 N.A.
13 94.450 93.477 N.A. N.A. 0.00642 N.A.
14 426.553 432.071 228.057 220.861 0.09656  0.09852
15 515.179 514.663 N.A. N.A. 0.09958 N.A.
16 515.579 515.029 N.A. N.A. 0.10310 N.A.
17 515.679 515.097 N.A. N.A. 0.10498 N.A.
18 95.906 95.431 N.A. N.A. 0.00642 N.A.
19 428.476 434.015 230.709 223.59( 0.10573 0.10p72
20 97.596 97.435 N.A. N.A. 0.00642 N.A.
21 493.640 492.815 N.A. N.A. 0.10019 N.A.
22 537.258 536.575 N.A. N.A. 0.07606 N.A.
23 515.703 514.823 N.A. N.A. 0.07130 N.A.
24 428.625 434.237 230.909 223.959 0.10922 0.10$20
25 97.587 97.310 N.A. N.A. 0.00507 N.A.
26 100.827 100.568 N.A. N.A. 0.00534 N.A.
27 451.312 459.977 244.685 234.574 0.12153 0.11p56

IP = computed directly at Lobatto integration points

MR = computed from moment resuftants
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TABLE A-2. SUMMARY OF COMPUTED RESPONSES (CONTINUED)

Maximum Bending Stress, Bottom of PCC Slab (psi) Slab Deflection {in.)
Loaded Slab Unloaded Slab Loaded Unloagled

No. IP MR IP MR Slab Slab
28 422.345 427.251 239.422 233.014 0.11076 0.10811
29 493.616 492.814 N.A. N.A. 0.10010 N.A.
30 428.725 434.317 231.009 224.025 0.11108 0.10807
31 114.751 116.037 45.575 44,132 0.00843 0.00756
32 2603.944 2631.965 1026.569 997.229 0.19113 0.17]125
33 * * * * * *
34 445.573 445.539 199.668 197.91( 0.11352 0.10p53
35 435.474 438.897 218.594 213.597 0.11175 0.10$17
36 412.167 420.869 250.360 240.654 0.11055 0.10851
37 434.819 439.223 223.301 217.403 0.11135 0.10p76
38 473.655 480.155 194.475 191.821 0.11854 0.10}11
39 400.524 455.520 226.412 220.773 0.11331 0.10846
40 635.110 634.123 N.A. N.A. 0.161238 N.A.
41 644.660 643.649 N.A. N.A. 0.18139 N.A.
42 405.895 460.145 208.779 202.375 0.11490 0.10$90
43 394.390 448.667 238.531 232.797 0.11240 0.10942
44 651.160 650.127 N.A. N.A. 0.2092p N.A.
45 462.144 469.948 231.855 224.422 0.12356  0.11B42
46 652.360 651.227 N.A. N.A. 0.22622 N.A.
47 509.751 514.379 182.847 180.704 0.13264 0.10)66
48 441.274 454.754 256.024 240.119 0.12041 0.11y04
49 400.651 405.199 188.204 181.959 0.03860 0.03p84
50 434.684 440.355 187.364 178.593 0.04266  0.03830
51 652.110 651.065 N.A. N.A. 0.22024 N.A.
52 97.218 96.953 N.A. N.A. 0.00652 N.A.
53 93.674 93.392 N.A. N.A. 0.00624 N.A.
54 422.195 427.101 239.423 233.037 0.11202 0.10937
55 03.648 93.362 N.A. N.A. 0.00628 N.A.
56 515.679 515.125 N.A. N.A. 0.1061y N.A.
57 598.184 604.935 435.007 428.217 0.26883 0.26p71
58 652.410 651.369 N.A. N.A. 0.23006 N.A.
59 610.316 609.627 N.A. N.A. 0.22201 N.A.
60 652.460 651.393 N.A. N.A. 0.2327y N.A.
61 589.110 588.612 N.A. N.A. 0.11269 N.A.
62 652.460 651.393 N.A. N.A. 0.23478 N.A.
63 424.375 430.980 218.079 213.436 0.09011 0.08p77
64 177.146 177.161 105.668 104.947 0.02283  0.02p17

IP = computed directly at Lobatto integration points

MR = computed from moment resu

Jtants
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TABLE A-2. SUMMARY OF COMPUTED RESPONSES (CONTINUED)

Maximum Bending Stress, Bottom of PCC Slab (psi) Slab Deflection {in.)
Loaded Slab Unloaded Slab Loaded Unloagled
No. IP MR IP MR Slab Slab
65 180.172 179.051 103.078 103.183 0.02294  0.02P02
66 178.655 178.112 104.373 104.099 0.02288 0.02P10
67 174.990 175.805 107.261 106.125 0.02277  0.02p27
68 197.978 204.980 88.999 86.653 0.024p1 0.02%51
69 213.467 218.336 68.646 67.863 0.02567 0.02]112
70 200.392 209.963 81.669 79.685 0.02489 0.02210
71 200.053 199.312 96.104 94.498 0.024p7 0.02%82
72 186.905 187.082 N.A. N.A. 0.01876 N.A.
73 215.106 215.788 115.575 111.803 0.04093 0.049014
74 215.979 216.905 115.674 111.602 0.04304 0.04924
75 212.436 240.199 103.130 100.232 0.04170 0.03991
76 213.647 215.717 121.141 120.704 0.05515 0.05B96
77 199.726 242.330 112.582 108.921 0.05666 0.05899
78 211.971 217.423 121.322 120.932 0.05514  0.05B97

IP = computed directly at Lobatto integration points

MR = computed from moment resu

Jtants

Notes:

NGO~ E

Minimum side length for 2D slab elements: 4.167 inches.
Minimum side length for 2D slab elements: 2.778 inches.
Minimum side length for 2D slab elements: 1.667 inches.
Winkler base (Direct solution method used).
Slab edge rotational degrees of freedom constrained.

Load patch dimensions same as No. 31 (Single-Wheel Load).

Failed to converge after 30 calls to conjugate gradients — aborted.

Base layer cracked under joint.

Similar to No. 9, except that the joint gap widtlvas reduced from 1.0 to 0.1 inch.
Model of DIA test runway.
Aircraft gear oriented perpendicular to joint.
Longitudinal and transverse slab dimensions reversed.
PCG with Gauss-Seidel EBE method.

Layer Property Groups for Test Runs:

A.

14-in. PCC SlabH = 4,000,000 psi, = 0.15)

No Base

Infinite SubgradelE = 15,000 psiu = 0.40)
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14-in. PCC SlabHE = 4,000,000 psjy = 0.15)
8-in. Stabilized Base (E = 500,000 psk 0.20)
Infinite Subgrade (E = 15,000 pgi= 0.40)

14-in. PCC SlabK = 4,000,000 psii = 0.15)
No Base
Infinite Subgrade (k = 141.4 pci)

14-in. PCC SlabHE = 4,000,000 psjy = 0.15)
8-in. Stabilized Base (E = 500,000 psk 0.20)
Infinite Subgrade (k = 141.4 pci)

16-in. PCC SlabK = 4,000,000 psii = 0.15)
8-in. Stabilized Base (E = 500,000 psk 0.20)
Infinite Subgrade (E = 4,500 pgi,= 0.40)

17-in. PCC SlabHE = 4,000,000 psjy = 0.15)
8-in. Stabilized Base (E = 500,000 psk 0.20)
Infinite Subgrade (E = 4,500 psi,= 0.40)

16-in. PCC SlabK = 4,000,000 psii = 0.15)
8-in. Stabilized Base (E = 500,000 psk 0.20)
Infinite Subgrade (k = 55.4 pci)

17.3-in. PCC SlabH = 4,410,000 psii = 0.22)

Slab Dimensions: 20 ft. (long.) by 18.75 ft. (trans.)
8-in. Cement-Treated Base (E = 1,200,000ypsi,0.20)
12-in. Lime-Stabilized Subbase (E = 440,000 ps#,0.25)
Infinite Subgrade (E = 15,000 pgi= 0.40)

(DIA Test Runway Section)

17.8-in. PCC SlabH = 4,410,000 psit = 0.22)

Slab Dimensions: 20 ft. (long.) by 18.75 ft. (trans.)
8-in. Cement-Treated Base (E = 1,200,000ypsi,0.20)
12-in. Lime-Stabilized Subbase (E = 440,000 ps#,0.25)
Infinite Subgrade (E = 15,000 pgi= 0.40)

(DIA Test Runway Section)
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APPENDX B—FORMULAS FORLOBATTO INTEGRATION

Lobatto’s formula for numerical integration is

[f(0 dx=wf (<) + 5wt (x) +w, £ ()

where the numerical values of abscisgaand weightsw; for variousn are given in the table
below.

TABLE B-1. ABSASSAS AND WHGHTS FORLOBATTO INTEGRATION

X Wi
1.00000 000 0.33333 333
0.00000 000 1.33333 333
1.00000 000 0.16666 667
0.44721 360 0.83333 333
1.00000 000 0.10000 000
0.65465 367 0.54444 444
0.00000 000 0.71111 111
1.00000 000 0.06666 667
0.76505 532 0.37847 496
0.28523 152 0.55485 838
1.00000 000 0.04761 904
0.83022 390 0.27682 604
0.46884 879 0.43174 538
0.00000 000 0.48761 904
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APPENDX C—CONSTANTS FOR NKE3D MATERIAL TYPE 17

NIKE3D Material Type 17 (Foundation BoundaiSpring) is defined y the following 6 x 6
symmetric matrix of sprig constants [2]

g<11 K12 K13 K14 K15 KlG B
0 Kzz K23 K24 K25 K26D
0 K K K K..O
K=[ 33 34 35 36 0
] K44 K45 K46 U]
B K55 Kssg
m KGG B

The constantk relate nodal forces and momeht nodal displacements and rotations

F:[fX f, f, m. m, mz]T

6, 6, 6.
In the current model of the Winkler foundation, all const&gtare set equal to zeraaept
Kas =K Ay

wherek is the modulus of subgrade reaction agg is the tributay area for the foundation node.

Cc-1/C-2



APPENDX D—NIKE3D CONTRQ. CARD SETTNGS

NIKE3D execution is controlled yoten control cards, which appear as the first tezcetable

lines in the NKE3D input file. The control deck structure is discussed in reference 2. The first
five cards contain information about the specific mesh being/zetdhl(e.g., number of nodes,
number of slide surfaces to be defined) and about the load (number of load curves, etc.). Cards 5
through 10 contain data governing the finite elementyaisal The control card entries for
control cards 5-10 used in the three-dimensional finite elemenysanare listed below.
Control card fields not listed are assigned thHEEBD default values (indicated/la zero entry

in the field). The default values are given in reference 2.

CARD 5

Output Printirg Interval 1

CARD 6

Nonlinear Equilibrium Solution Method (BFGS) 1

Bandwidth Minimization Flag 3

CARD 7

(All default settirgs)

CARD 8

Element data buffer size\ies) 30000000

Direct linear equation solver (ELE) 1

BFGS update vector storage option 1

Brick element formulation (B-Bar) 1

Shell element formulation (Hughésua) 1

CARD 9

Number of user-specified irgeation rules for shells 1

Maximum number of user-specified integration points 5

CARD 10

Linear equation solver option (default — PCG) 1
(For Winkler Foundation option) 0

Iteration limit for linear solver 9999

Iterative solver data storage option (in-core storage) 1
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